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Development of Augmented Leukemia/Lymphoma-Specific T-Cell Immunotherapy for 
Deployment with Haploidentical Hematopoietic Progenitor-Cell Transplant 

 
 
 

I. INTRODUCTION 
Herein is a revision of final report based on 0 9-30-2011 email from Wendy Clevenger (Information 
management) and James Phillips (Science Officer). This report provides the progress to date regarding 
the genetic modification and propagation of human T cells that have been rendered specific for CD19, a 
B-lineage antigen expressed on most B-cell malignancies. We have successfully generated the pre-
clinical data to: (1) genetically modify, and (2) numerically expand T cells that have been engineered to 
express a chimeric antigen receptor (CAR) enabling T cells to recognize and eliminate CD19+ 

malignancies. This has clinical implications for improving the graft-verses-tumor effect after haploidentical 
hematopoietic progenitor cell transplantation. In this report we summarize our findings to date with 
emphasis on the translational implications of our approach. Please refer to prior interim progress reports 
for additional information. 
 

II. BODY 
The original 4-year grant application identified three tasks to improve the potency of genetically modified 
T cells. All of these tasks relied on the development of a new gene therapy approach to expressing a 
CAR. This was successfully accomplished and is based on the clinical adaptation of the Sleeping Beauty 
transposon/transposase system. We have demonstrated that the electro-transfer of the Sleeping Beauty 
transposon as a DNA plasmid, to express a CD19-specific CAR, in coordination with the electro-transfer 
of a h yperactive Sleeping Beauty transpose (SB11) can be used to efficiently integrate the CAR 
(designated CD19RCD28) in the T-cell genome. We have combined this gene transfer approach with an 
ability to selectively propagate T cells that have stably integrated CAR such that within three to four 
weeks after electroporation our culture systems can retrieve clinically significant numbers of CD19-
specific CAR+ T cells. These T cells have been shown, in a CAR-dependant fashion, to have the 
expected redirected specificity for recognition of CD19+ leukemias and lymphomas. This was 
demonstrated using assays measuring the killing of malignant B cells as well as methodologies to 
investigate the ability of CAR to provide a fully competent activation signal enabling the T cells to produce 
cytokines as well as proliferate upon docking to the CD19 antigen. It is these data in aggregate that 
enabled us to successfully carryout all of the tasks identified in the original grant application. It is 
emphasized that our approach to the genetic modification and numeric expansion of T cells can now be 
undertaken in compliance with current good manufacturing practice (cGMP) to undertake Phase I clinical 
trials.   

 
III. KEY RESEARCH ACCOMPLISHMENT 

The statement of work (SOW) pre-identified the following tasks: 
Task 1: Development of CD10-specific-IL2 ICK to be used in combination with CD19-specific T 
cells to improve persistence of infused T cells and to treat B-lineage malignancy 
• Develop CD10-specific-IL2 ICK  
• Combine with CD19-specific T cells in vivo  
• Interim analysis  
Task 2: Development of CD19-specific CD4+ Th cells to improve the anti-tumor response of CD19-
specific CD8+ T cells 
• Develop CD4+ CD19-specific T cells  
• Combine with CD19-specific CD8+ T cells in vivo  
• Interim analysis  
Task 3: Development of chimeric antigen receptor (CAR) with CD28 co-stimulation to enhance the 
survival and potency of CD19-specific T cells 
• Develop CD19-specific T cells expressing second-generation chimeric antigen receptor  
• Evaluate immunobiology of CD19-specific T cells expressing next-generation CAR in vivo  
• Interim analysis  
Task 4: Final analysis 
• Report writing  
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• Preparation of second-generation clinical trial to evaluate the clinical potential of CD19-specific T-cell 
therapy with augmented therapeutic potential  
 
The major research objectives that have been achieved are as follows.  
Task 1 
We were able to demonstrate that the therapeutic potential of CD19-specific CAR+ T cells can be 
augmented by the addition of an immunocytokine. The immunocytokine we used is a fusion protein 
combining specificity of antibody for CD20 fused to interleukin (IL)-2, a multi-function cytokine that can 
provide a proliferative signal to T cells (e.g., Figure 2 of Cancer Res 2007;67:2872-2880, in Appendix). 
We have demonstrated that the ability of CD19-specific cells to eradicate malignant CD19+CD20+ B cells 
is augmented in vivo using combination immunotherapy whereby the T cells are combined with the 
administration of the immunocytokine (e.g., Figure 3 and Figure 5 of Cancer Res 2007;67:2872-2880, in 
Appendix). This has implications for clinical translation given that the genetically modified T cells have 
been adapted for human use and similarly the CD20-specific immunocytokine has also been prepared for 
clinical application. The paper (Cancer Res 2007;67:2872-2880, in Appendix) that reports these data was 
published on line 03-15-2007, just before the grant was funded. This reflects progress made while the 
grant was under consideration by the reviewers. As mentioned in prior progress reports, we discontinued 
work under this task. 
Task 2 
We were able to substitute the need for immunocytokine through the development of T cells that are 
capable of providing the T-cell helper function manifested by IL-2. This was accomplished by designing a 
platform for propagating genetically modified T cells that express CD4. We found that the CD4+CAR+ T 
cells were capable by themselves secreting IL-2 in a C AR-dependant manner thereby providing the 
necessary cytokine milieu in the tumor microenvironment to support persistence and indeed the numeric 
expansion of CAR+ T cells (e.g., Figure 3 of Cancer Res 2008;68:2961-2971, in Appendix). To help 
generate CD4+CAR+ T cells we adapted the Sleeping Beauty system to use a more enzymatically variant 
of SB11 transposase, termed SB100X (e.g., Figure 2 of Gene Therapy 2011;9:849-856, in Appendix). 
Task 2 also has clinical implications given that CD4+CAR+ and CD8+CAR+ T cells can be retrieved using 
our propagation technology. In particular the was accomplished by designing artificial antigen presenting 
cells (aAPC) which were engineered to express desired co stimulatory molecules in addition to 
expressing CD19. The aAPC can be combined with soluble cytokines such as IL-21 (in addition to IL-2) 
to support the outgrowth of both CD4+ and CD8+ genetically modified T cells (e.g., Figure 2 of Cancer 
Res 2011;71:3516-3527, in Appendix). Recognizing that T-cell helper function is desirable as initially 
envisioned provided by the IL-2 immunocytokine and then adapted through the ability of CD4+ T cells to 
serve as their own source of IL-2, we went on to explore whether all T cells might be modified to secret 
this cytokine. This was accomplished by the recognition that the CAR itself could serve as a signaling 
molecule to trigger T cells to generate IL-2. This enabled us to design and successfully test a second 
generation CAR molecule that has coordinated signaling through both CD3-zeta (the only signaling 
molecule in the first generation CAR) with chimeric CD28.  
Task 3 
The development of this second generation CAR with co-stimulation was the topic of this task. We also 
recognized that the intrinsic signaling provided through the chimeric CD28 obviates the need for the 
genetically modified CAR+ T cells to receive signaling through endogenous CD28. This enabled us to test 
whether blockade of signaling through endogenous CD28, with continued ability to signal through 
chimeric CD28, would provide an advantage as we proceed towards the goal to infuse haploidentical T 
cells in the setting of hematopoietic stem-cell transplantation (HSCT). For, one of the major problems 
with the adoptive transfer of donor-derived T cells that are HLA-mismatched is that these infused cells 
can cause graft-verses-host disease (GVHD). Thus, the ability to manipulate the T-cell product before 
infusion to reduce the potential for GVHD would be highly attractive and have clinical implication. 
Recognizing that blockade of signaling through endogenous CD28 might induce anergy, we set about to 
explore this potential in the third task. We demonstrated that the co-stimulatory blockade using soluble 
molecules to interrupt the binding of CD28 with its ligands (CD80 and CD86) leads to the welcomed 
emergence of CAR+ T cells that are selectively depleted of cells that can recognize the disparate HLA 
molecules (e.g., Figure 3 of Cancer Res 2010;70:3915-3924, in Appendix). What is particularly attractive 
about this approach is that the agents used to induce the co-stimulatory blockade have been prepared for 
clinical translation and thus the approach to induce anergy has human application. 
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Task 4 
Based on the encouraging data from the prior three tasks, we have implemented a ne xt-generation 
clinical trial infusing CD19-specific T cells. This trial has completed all institutional and federal regulatory 
approvals and is open to accrual. 

 
IV. REPORTABLE OUTCOMES 

The major outcomes of the grant application are that we have: 
a) Developed a new gene transfer approach based on electro proration of T cells to introduce the 

Sleeping Beauty transposon and transpose plasmids to stability express the CAR to redirect T 
cells specificity of CD19.  

b) Designed aAPC for the purposes of retrieving large numbers of genetically modified CAR+ T 
cells that express the immunoreceptor in both CD4 and CD8 subpopulations.  

c) Demonstrated that the therapeutic potential of genetically modified T cells can be improved 
when both CD19 and CD20 are targeted on malignant B cells using combination 
immunotherapy whereby the CAR+ T cells are co-administered with an immunocytokine.  

d) Shown that the CD4+ subset of T cells is capable of providing IL-2 to augment T cell persistence 
in a CAR dependent manner.  

e) Engineered the CAR to serve as a molecule capable of inducing the production of IL-2 in a 
CAR-dependant manner.  

f) Demonstrated that co stimulatory blockade can be used to induce anergy to disparate HLA 
molecules.  

g) Developed methodologies in keeping with their clinical translation.  
 

V. CONCLUSION 
This grant application was successful as we met all the stated tasks. We were able to demonstrate that 
combination immunotherapy provided increased potency and that genetically modified T cells can be 
engineered for improve persistence based on an ability to generate IL-2. This was accomplished using a 
novel gene therapy platform using the Sleeping Beauty system used in combination with designer aAPC. 
We have already moved this technology to the clinical arena. While outside the original grant application, 
we have now instituted a first-in-human clinical trial whereby the genetically modified T cells based on the 
Sleeping Beauty system and numeric expansion on the aAPC are being used in humans to augment the 
graft-verses-tumor effect HSCT. Thank you for your support. 
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VIII. In these appendices we provide some of the key papers that have resulted from the funding. As 
previously noted, Cancer Res 2007;67:2872-2880 summarizes data for Task 1 that was undertaken 
before the grant application was funded. These are: 
• Cancer Res 2007;67:2872-2880 

o Combining adoptive cellular and immunocytokine therapies to improve treatment of B-
lineage malignancy 

• Cancer Res 2008;68:2961-2971 
o Redirecting specificity of T-cell populations for CD19 using the Sleeping Beauty system 

• Gene Therapy 2011;9:849-856 
o The hyperactive Sleeping Beauty transposase SB100X 

• Cancer Res 2011;71:3516-3527 
o Reprogramming CD19-Specific T Cells with IL-21 Signaling Can Improve Adoptive 

Immunotherapy of B-Lineage Malignancy 
• Cancer Res 2010;70:3915-3924 

o Combining CD19 redirection and alloanergization to generate tumor-specific human T 
cells for allogeneic cell therapy of B-cell malignancies 

 
IX. SUPPORTING DATA 

Please refer to the published papers in the appendices for the relevant data set.   
 

X. FINACIALS 
Final information on the allocation of monies from this grant will be provided by our Grants and Contracts 
department. 
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Abstract

Currently, the lineage-specific cell-surface molecules CD19
and CD20 present on many B-cell malignancies are targets for
both antibody- and cell-based therapies. Coupling these two
treatment modalities is predicted to improve the antitumor
effect, particularly for tumors resistant to single-agent
biotherapies. This can be shown using an immunocytokine,
composed of a CD20-specific monoclonal antibody fused to
biologically active interleukin 2 (IL-2), combined with ex vivo
expanded human umbilical cord blood–derived CD8+ T cells,
that have been genetically modified to be CD19 specific, for
adoptive transfer after allogeneic hematopoietic stem-cell
transplantation. We show that a benefit of targeted delivery of
recombinant IL-2 by the immunocytokine to the CD19+CD20+

tumor microenvironment is improved in vivo persistence of
the CD19-specific T cells, and this results in an augmented
cell-mediated antitumor effect. Phase I trials are under
way using anti-CD20-IL-2 immunocytokine and CD19-specific
T cells as monotherapies, and our results warrant clinical
trials using combination of these two immunotherapies.
[Cancer Res 2007;67(6):2872–80]

Introduction

Malignant B cells express a pattern of cell surface molecules that
define their lineage commitment (1–3), and these are the targets of
monoclonal antibody (mAb)–based (4–6) and T-cell–based treat-
ment approaches (7–11). However, these immunotherapies may fail
to eradicate tumor as a result of an inability of tumor-specific mAb
to fully activate the effector functions of the recipient (12–15) and
curtailed T-cell persistence after adoptive immunotherapy (16–18).
Therefore, strategies that augment mAb function and T-cell
survival are predicted to improve the therapeutic effect.

An approach to improve the clinical potential of mAb is to fuse
interleukin 2 (IL-2) to a tumor-specific recombinant mAb (e.g.,
CD20-specific mAb) to deliver this immunostimulatory cytokine to
the tumor microenvironment, which leads to recruitment and
activation of immune cells that express the cytokine receptor
(19–21). Ex vivo propagated genetically modified T cells that have

been rendered tumor specific are a population of effector cells
whose survival is predicted to benefit from this locoregional
deposition of IL-2.

To obtain large numbers of clinical-grade, tumor-specific T cells
that target B-lineage lymphoma and leukemia, we and others have
enforced expression of a CD19-specific chimeric immunoreceptor
(designated CD19R), which combines antibody recognition with
T-cell effector functions (7, 10, 22). In particular, CD19-specific T
cells can be manufactured from umbilical cord blood to augment
the graft-versus-tumor effect after allogeneic hematopoietic stem-
cell transplantation (23). However, factors that may limit the
successful therapeutic use of these ex vivo expanded CD8+ T cells
include a dependence on exogenous IL-2 to achieve and sustain
their proliferative potential after adoptive transfer (24).

With the generation of an anti-CD20-IL-2 immunocytokine (DI-
Leu16-IL-2; ref. 25), we now ask if targeted delivery of IL-2 to sites
of CD20 binding on malignant B cells could improve the survival
and antitumor effect of CD19-specific T cells. In the present study,
we show that the anti-CD20-IL-2 immunocytokine binds specifi-
cally to CD20+ tumors as well as IL-2R+ (IL-2 receptor positive) T
cells and that infusing a combination of anti-CD20-IL-2 immuno-
cytokine with CD19R+ T cells improves in vivo T-cell persistence,
which leads to an augmented clearance of CD20+CD19+ tumor
beyond that achieved by delivery of the immunocytokine or T cells
alone.

Materials and Methods

Plasmid expression vectors. The plasmid vector CD19R/ffLucHyTK-

pMG, described previously, coexpresses the CD19R chimeric immunor-

eceptor gene and the tripartite fusion gene ffLucHyTK (22). Truncated
CD19, lacking the cytoplasmic domain (26), was expressed in ffLucHyTK-

pMG to generate the plasmid tCD19/ffLucHyTK-pMG to coexpress the

CD19 and ffLucHyTK transgenes. The bifunctional hRLucZeo fusion gene

that coexpresses the Renilla koellikeri (sea pansy) luciferase hRLuc and the
zeomycin-resistance gene (Zeo) was cloned from the plasmid pMOD-LucSh

(InvivoGen, San Diego, CA) into pcDNA3.1+ (Invitrogen, Carlsbad, CA) to

create the plasmid hRLuc:Zeocin-pcDNA3.1.

Propagation of cell lines and primary human T cells. Daudi, ARH-77,
Raji, SUP-B15, and K562 cells were obtained from American Type Culture

Collection (Manassas, VA). Granta-519 cells were obtained from DSMZ

(Braunschweig, Germany). An EBV-transformed lymphoblastoid cell line

was kindly provided by Drs. Phillip Greenberg and Stanley Riddell (Fred
Hutchinson Cancer Research Center, Seattle, WA). These cells were

maintained in tissue culture as described (23). IL-2Rh+ TF-1h cells were

kindly provided by Dr. Paul M Sondel (University of Wisconsin, Madison,
WI; ref. 27). Human T-cell lines were derived from umbilical cord blood

mononuclear cells after informed consent and were cultured as previously

described (22, 28).

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Laurence J.N. Cooper, Pediatrics-Research, Unit 907, The
University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard,
Houston, TX 77030. Phone: 713-563-3360; Fax: 713-563-0604; E-mail: ljncooper@
mdanderson.org.
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Immunocytokines. The anti-CD20-IL-2 (DI-Leu16-IL-2) immunocyto-
kine was derived from a deimmunized anti-CD20 murine mAb (Leu16).

Anti-GD2-IL-2 (14.18-IL-2), which recognized GD2 disialoganglioside, served

as a control immunocytokine with irrelevant specificity for B-lineage tumor

line used in this study (EMD Lexigen Research Center, Billerica, MA; ref. 29).
Nonviral gene transfer of DNA plasmid vectors. OKT3-activated

umbilical cord blood–derived T cells were genetically modified by electro-

poration with CD19R/ffLucHyTK-pMG (23). ARH-77 was electroporated

with hRLuc:Zeocin-pcDNA3.1 using the Multiporator device (250V/40 As,
Eppendorf, Hamburg, Germany) and propagated in cytocidal concentration

(0.2 mg/mL) of zeocin (InvivoGen).

Flow cytometry. FITC- or phycoerythrin-conjugated reagents were

obtained from BD Biosciences (San Jose, CA): anti-TCRah, anti-CD3, anti-
CD4, anti-CD8, anti-CD25, and anti-CD122. F(ab¶)2 fragment of FITC-

conjugated goat anti-human Fcg (Jackson Immunoresearch, West Grove,

PA) was used at 1/20 dilution to detect cell surface expression of CD19R
transgene. Leu16 and anti-CD20-IL-2 immunocytokine (100 Ag each) were

conjugated to Alexa Fluor 647 (Molecular Probes, Eugene OR). Data

acquisition was on a FACSCalibur (BD Biosciences) using CellQuest version

3.3 (BD Biosciences), and analysis was undertaken using FCS Express
version 3.00.007 (Thornhill, Ontario, Canada).

Chromium release assay. The cytolytic activity of T cells was

determined by 4-h chromium release assay (CRA; ref. 22). CD19-specific

T cells were incubated with 5�103 chromium-labeled target cells in a
V-bottomed 96-well plate (Costar, Cambridge, MA). The percentage of

specific cytolysis was calculated from the release of 51Cr, as described

earlier, using a TopCount NXT (Perkin-Elmer Life and Analytical Sciences,
Inc., Boston, MA). Data are reported as mean F SD.

Immunofluorescence microscopy. CD19R+ T cells (106) and CD19+

CD20+tumor cells (106) were centrifuged at 200 � g for 1 min and incubated

at 37jC for 30 min. After gentle resuspension, the cells were sedimented,

the supernatant was removed, and the pellet was fixed for 20 min with 3%

parafomaldehyde in PBS on ice. After washing, the fixed T cell–tumor cell

conjugates were incubated for 30 min at 4jC with anti-CD3-FITC or

Alexa Fluor 647–conjugated anti-CD20-IL-2 immunocytokine. Nuclei were

counterstained with Hoechst 33342 (Molecular Probes; 0.1 Ag/mL). Cells

were examined on a Zeiss LSM 510 META NLO Axiovert 200M inverted

microscope. Hoechst 33342 was excited at 750 nm using Coherent

Ti:Sapphire multiphoton laser, Alexa Fluor 647 at 633 nm using helium-

neon laser, and FITC at 488 nm using argon ion laser. Images

were acquired with a Zeiss plan-neofluar 20�/0.5 air lens or plan neofluar

40�/1.3 numerical aperture oil immersion lens, and fields of view were

then examined using Zeiss LSM Image Browser version 3.5.0.223.

Persistence of adoptively transferred T cells. Before the initiation of

the experiment, 6- to 10-week-old female NOD/scid (NOD/LtSz-Prkdcscid/J)
mice (The Jackson Laboratory, Bar Harbor, ME) were g-irradiated to 2.5 Gy

using an external 137Cs source (JL Shepherd Mark I Irradiator, San Fernando,

CA) and maintained under pathogen-free conditions at City of Hope National

Medical Center (COH) Animal Resources Center. On day �7, the mice were
injected in the peritoneum with 2�106 hRLuc+ CD19+CD20+ARH-77 cells.

Tumor engraftment was evaluated by biophotonic imaging (see ‘‘Biophotonic

imaging’’) and mice with progressively growing tumors were segregated into
four treatment groups to receive 107 CD19-specific T cells (day 0) either alone

or in combination with 75,000 units/injection (equivalent to f25 Ag
immunocytokine; ref. 25) of IL-2 (Chiron, Emeryville, CA), 5 Ag/injection of

anti-CD20-IL-2 immunocytokine (DI-Leu16-IL-2), or 5 Ag/injection of anti-
GD2-IL-2 immunocytokine, given by additional separate i.p. injections. Animal

experiments were approved by COH institutional committees.

In vivo efficacy of combination immunotherapies. Six- to 10-week-

old g-irradiated NOD/scid mice were injected with 2�106 hRLuc+

CD19+CD20+ARH-77 cells in the peritoneum. Sustained tumor engraftment

was documented within 7 days of injection by biophotonic imaging. Mice in

the four treatment groups received combinations of CD19-specific T cells

(107 cells in the peritoneum on day 0), anti-CD20-IL-2 immunocytokine, or
anti-GD2-IL-2 immunocytokine (5 Ag/injection in the peritoneum).

Biophotonic imaging. Anesthetized mice were imaged using a Xenogen

IVIS 100 series system as previously described (30). Briefly, each animal was

serially imaged in an anterior-posterior orientation at the same relative time
point after 100 AL (0.068 mg/mouse) of freshly diluted Enduren Live Cell

Substrate (Promega, Madison, WI), or 150 AL (4.29 mg/mouse) of freshly

thawed D-luciferin potassium salt (Xenogen, Alameda, CA) solution

injection. Photons were quantified using the software program Living
Image (Xenogen). Statistical analysis of the photon flux at the end of

the experiment was accomplished by comparing area under the curve

using two-sided Wilcoxon rank sum test. Biological T-cell half-life was

calculated as A = I � (1/2)(t/h ), where A is flux at time t, I is day 0 flux,
and h is rate of decay.

Results

Redirecting T cells specificity for CD19. The genetic
modification of umbilical cord blood–derived T cells to render
them specific for CD19 was accomplished by nonviral electro-
transfer of a DNA expression plasmid designated CD19R/
ffLucHyTK-pMG, which codes for the CD19R transgene (22) and
a recombinant multifunction fusion gene that combines firefly
luciferase ( ffLuc), hygromycin phosphotransferase, and herpes
virus thymidine kinase (HyTK ; ref. 31), permitting in vitro selection
of CD19R+ T cells with cytocidal concentration of hygromycin B
and in vivo imaging after infusion of D-luciferin. Genetically
modified ex vivo expanded T cells were CD8+, expressed
components of the high-affinity IL-2R and CD19R transgene, as
detected by using a Fc-specific antibody (Fig. 1A). CD19R+ T cells
could specifically lyse leukemia and lymphoma targets expressing
CD19 with f50% to 70% of CD19+ tumor cells killed at an effector
to target ratio of 50:1 in a 4 h CRA (Fig. 1B). The variability of lysis
of the various B-cell lines could be attributed to the expression of
various cell surface markers, particularly the adhesion molecules
(22). Specific lysis of CD19+ K562 compared with CD19� K562 cells
showed that the killing of CD19+ tumor targets occurred through
the chimeric immunoreceptor.
Binding of anti-CD20-IL-2 immunocytokine. The ability of the

anti-CD20-IL-2 immunocytokine to bind to both B-lineage tumors
and T cells was examined using flow cytometry and confocal
microscopy. This immunocytokine bound to CD20+ ARH-77 but
not to CD20� SUP-B15 (data not shown) and K562 cells, consistent
with recognition of parental Leu16 mAb for CD20 (Fig. 2A ; ref. 32).
The anti-CD20-IL-2 immunocytokine, but not parental Leu16 mAb,
bound to CD25+ genetically modified T cells and TF-1h, a tumor
cell line genetically modified to express CD122 (IL-2Rh; ref. 27),
which is consistent with binding of chimeric IL-2 via the IL-2R
(Fig. 2A and data not shown). The greater median fluorescent
intensity (MFI) on T cells, compared with TF-1h, is consistent with
binding of the immunocytokine to the high-affinity IL-2R.
Immunofluorescence confocal microscopy was done to evaluate
the localization of immunocytokine on conjugates of CD19-specific
T cells and CD20+ tumors. The confocal micrographs showed cell
surface labeling of conjugates of tumor and T cells with Alexa Fluor
647–conjugated anti-CD20-IL-2 immunocytokine (red) and T cells
labeled with FITC-conjugated anti-CD3 (green). Areas of over-
lapping binding between deposition of immunocytokine and anti-
CD3 is depicted by a yellow color (Fig. 2B). We hypothesize that
T cells show colocalization of CD3 and immunocytokine on their
surface initially; however, as they form a synapse with the tumor
cell, there seems to be a rearrangement of IL-2R on the T cells
toward the synapse leading to the presence of yellow signal
extending well outside the synapse and leaving a green pocket
opposite the synapse. The Alexa Fluor 647–conjugated parental
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anti-CD20 Leu16 mAb, lacking the chimeric IL-2 domain, binds
CD20+ tumors, but not the genetically modified T cells (data not
shown). In aggregate, these data show that anti-CD20-IL-2
immunocytokine can bind to CD20 molecules on B-lineage tumors
and IL-2R on T cells and that this immunocytokine can be
deposited at the interface between tumor and T cells.

In vivo T-cell persistence given in combination with
immunocytokine. Having determined that the anti-CD20-IL-2
immunocytokine could bind to tumor and T cells, we evaluated
whether infusions of anti-CD20-IL-2 immunocytokine could
improve the in vivo persistence of adoptively transferred geneti-
cally modified CD8+ T cells. To achieve sustained locoregional

Figure 1. Phenotype and function of genetically modified T cells. A, multivariable flow cytometry showing that the genetically modified T cells are predominantly
CD3+TCR+CD8+CD25+CD122+CD132+. Isotype-matched fluorescent mouse mAb or nonspecific goat control antibody was used to establish the negative gates.
The percentage of gated+ cells is shown. B, lysis of tumor targets by 4-h CRA. CD19+ B-cell tumor lines are Daudi, ARH-77, SUP-B15, Granta-519, Raji, and
genetically modified K562 (CD19+ K562; ref. 30). Background lysis of CD19� (parental) K562 cells is shown as a control for specificity and endogenous NK-T activity.
Spontaneous release of each target was V9%. Points, mean for triplicate wells at effector to target cell ratios between 50:1 and 1:1; bars,F 1 SD.
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depositions of the anti-CD20-IL-2 immunocytokine, we chose the
tumor line ARH-77 as a target for immunotherapy because this is
relatively resistant to killing by anti-CD20–specific mAb (33), and
these results were confirmed in vivo in NOD/scid mice using
rituximab (data not shown). Initially, a dose of immunocytokine
was established that could both improve the in vivo survival of
CD8+CD19R+ffLuc+ T cells, compared with adoptive immunother-
apy in the absence of immunocytokine, and not statistically alter
tumor growth as monotherapy (Fig. 4). We showed that an
immunocytokine dose of both 5 and 25 Ag could improve the
persistence of infused T cells, resulting in a T-cell ffLuc-derived
signal detectable above background luminescence measurements
(V106 p/s/cm2/sr) 14 days after adoptive immunotherapy (Fig. 3A).
Biological half-life of the infused T cells was determined by
calculating the rate of T-cell decay ( ffLuc activity) at the end of the
experiment and expressed as the number of days required by the
cells to achieve half the initial (day 0) flux. Indeed, the biological
half-life of the infused T cells was twice as long in mice that
received immunocytokine (1.09 days) compared with T cells given
alone (0.43 days). As a further indication that infusion of the
immunocytokine may enhance the survival of adoptively trans-
ferred T cells, we observed an f300% (3-fold) increase in the ffLuc-
derived signal (day 12) compared with day 11 when the
immunocytokine was injected in both the groups. As the relative
in vivo T-cell persistence was similar for both of the immunocy-

tokine doses (P = 0.86), we used 5 Ag per immunocytokine
injection for subsequent experiments, a dose equivalent to
f15,000 units of human recombinant IL-2 (25).

To determine if the improved T-cell persistence was due to the
binding of the immunocytokine in the ARH-77 tumor microenvi-
ronment, we used a control immunocytokine (anti-GD2-IL-2
immunocytokine) that does not bind to GD2

� ARH-77 (data not
shown). Furthermore, we compared the ability of the anti-CD20-IL-
2 immunocytokine to potentiate T-cell survival compared with
administration of exogenous recombinant human IL-2. Longitudi-
nal measurement of ffLuc-derived flux revealed that the infused
T cells persisted longer in mice that received anti-CD20-IL-2
immunocytokine, compared with the untreated (P = 0.01), IL-2–
treated (P = 0.02), and control immunocytokine-treated (P = 0.05)
groups (Fig. 3B and C); the biological half-lives of T cells in the
groups are 1.7, 0.5, 1.0, and 0.7 days, respectively. There was a
difference (P < 0.05) in the in vivo persistence of T cells
accompanied by IL-2, compared with T cells given without this
cytokine, which is consistent with the dependence of these T cells
to receive T-cell help in the form of exogenous IL-2 to survive
in vivo . No apparent difference was observed in the persistence
(P = 0.5) or biological half-life (P = 0.2) of adoptively transferred
T cells between the mice receiving exogenous IL-2 or control
immunocytokine. These data support the hypothesis that the
locoregional deposition of the anti-CD20-IL-2 immunocytokine at

Figure 2. Binding of anti-CD20-IL-2
immunocytokine to B cells and T cells.
A, flow cytometry analysis of Alexa
Fluor 647–conjugated anti-CD20-IL-2
immunocytokine (ICK) binding through
CD20 to CD20+CD25� ARH-77 and
CD20�CD25� K562 cell lines; and IL-2
receptors to genetically modified
CD20�CD25+ T cells and CD20�CD25�

CD122+ TF-1h (filled histograms ).
Unfilled histograms, fluorescence of
unstained cells. The percentage of gated+

cells and MFI (in brackets ) are indicated.
Alexa Fluor 647 emission (668 nm) was
revealed in the APC/Cy5 channel (FL-4).
B, confocal micrographs of tumor and
T-cell conjugates stained with Alexa
Fluor 647–conjugated anti-CD20-IL-2
immunocytokine (red) and FITC-conjugated
anti-CD3 (green ); cell nuclei were
counterstained with Hoechst (blue ).Yellow,
areas that show overlapping binding of
immunocytokine and anti-CD3 mAb.
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the CD19+CD20+ tumor site significantly augments in vivo
persistence of CD8+ CD19-specific T cells.
In vivo efficacy of immunocytokine in combination with

CD19-specific T cell to treat established B-lineage tumor. We
investigated in vivo whether the immunocytokine-mediated
improved persistence of genetically modified CD19-specific T cells
could lead to augmented clearance of established CD19+CD20+

tumor. A dose of T cells (107 cells) was selected because this dose
by itself does not control long-term tumor growth (Fig. 4; data not

shown). CD19-specific CD8+ T cells were adoptively transferred into
groups of mice bearing established CD19+CD20+hRLuc+ ARH-77
tumor along with anti-CD20-IL-2 immunocytokine or control anti-
GD2-IL-2 immunocytokine. Tumor growth was serially monitored
by in vivo bioluminescence imaging of ARH-77 tumor-derived
hRLuc enzyme activity. Mice that received both CD19-specific
T cells and anti-CD20-IL-2 immunocytokine experienced a
reduction in tumor growth, with 75% of mice obtaining complete
remission, as measured by bioluminescence imaging, at the end of

Figure 3. Effect of immunocytokine on persistence of adoptively transferred T cells. NOD/scid mice (four mice per group) bearing ARH-77 tumors were treated
with 107 CD19R+ffLuc+ umbilical cord blood T-cell clone (day 0, open arrow ) along with (A ) anti-CD20-IL-2 immunocytokine (5 and 25 Ag; solid arrows ; on
days 0, 4, 7, and 11) or no immunocytokine, or (B) anti-CD20-IL-2 immunocytokine/GD2-IL-2 immunocytokine (5 Ag/injection) or rhIL-2 (75,000 units/injection) on
days 0, 2, 5, 10, 15, 21, and 45 (closed arrows ). The persistence of T cells was measured as ffLuc-derived flux from mice and graphed over time (mean flux F SD is
shown in A and B , and flux for individual mice is shown in C). One mouse (red line ) was selected from each group for the display of sequential bioluminescence
images of T cells in vivo . Comparison (day 83) between groups receiving combination of T cells and anti-CD20-IL-2 immunocytokine and no treatment (*, P = 0.01);
T cells and control immunocytokine (anti-GD2-IL-2 immunocytokine; **, P = 0.05); or T cells and IL-2 (***, P = 0.02). Background luminescence (gray area ) was
defined from mice that were imaged after receiving D-luciferin along with treatment mice, but which did not receive ffLuc+ T cells. In vitro ffLuc activity of the genetically
modified T cells was 0.35 F 0.02 cpm/cell (mean F SD) compared with 0 F 0 cpm/cell (mean F SD) for parental unmodified cells. Supplementary Data contain
a movie of the relative in vivo T-cell persistence in the four treatment groups.
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the experiment (50 days after adoptive immunotherapy; Fig. 4).
We found that the combination therapy of CD19R+ T cells and anti-
CD20-IL-2 immunocytokine was effective in reducing tumor
growth compared with no immunotherapy (P = 0.01) and T cells
given with an equivalent dosing of the control immunocytokine
(P = 0.03). Although the tumor burden seems to be increasing in
the treated group, no visible tumor as seen by hRLuc signal was
observed at the end of the experiment, as the flux remained below
background level, consistent with a complete antitumor response.
Mouse groups receiving T cells alone or T cells with control
immunocytokine showed a similar pattern of tumor growth, with
an initial reduction around day 8 followed by relapse. All mice in
the control group, which received no immunotherapy, experienced
sustained tumor growth. We saw similar tumor growth kinetics in
mice that did or did not receive anti-CD20-IL-2 immunocytokine in
the absence of T cells (P > 0.05 through day 50), and this is
presumably a reflection of the dose regimen chosen for the
immunocytokine in this experiment. Increased doses of T cells or

anti-CD20-IL-2 immunocytokine delivered as monotherapies
results in a sustained antitumor effect; however, using these doses
would preclude our ability to measure the ability of the
immunocytokine to potentiate T-cell persistence and improve
tumor killing.

The ability to measure both ffLuc and hRLuc enzyme activities in
the same mice allowed us to determine whether the persistence of
adoptively transferred T cells directly correlated with tumor size for
individual mice. This was accomplished by plotting ffLuc-derived
T-cell flux versus hRLuc-derived tumor-cell flux from Fig. 3. Both
group of mice, which received CD19-specific T cells along with anti-
CD20-IL-2 immunocytokine/anti-GD2-IL-2 immunocytokine,
showed a drop in tumor burden at day 8, which is due to the
T cells infused. However, the highest numbers of T cells ( ffLuc
activity; mean flux 4.7�106 versus 1.5�106 p/s/cm2/sr) and lowest
tumor burden (hRLuc activity; mean flux 1.4�107 versus
4�107 p/s/cm2/sr) by day 83 (Fig. 5) was observed in the group
receiving anti-CD20-IL-2 immunocytokine when compared with

Figure 4. Combined antitumor efficacy of
immunocytokine and CD19-specific T cells.
A, the tumor burden was monitored
longitudinally by quantification of ARH-77
tumor-derived hRLuc activity in five groups
of NOD/scid mice receiving combinations
of T cells (107 on day 0, open arrow);
anti-CD20-IL-2 immunocytokine
(5 Ag/injection); anti-GD2-IL-2
immunocytokine (5 Ag/injection) given
on days 0, 5, 8, 12, 15, 19, and 22
(closed arrows ); and graphed over time as
mean flux F SD. B, serial pseudocolor
images representing light intensity from
hRLuc ARH-77 cells in selected mice
before and after immunotherapy.
Comparison (day 50) between groups
receiving combination of T cells and
anti-CD20-IL-2 immunocytokine and no
treatment (*, P = 0.01), and T cells and
control immunocytokine (anti-GD2-IL-2
immunocytokine; **, P = 0.03). Genetically
modified ARH-77 (transfected with
hRLuc:Zeocin-pcDNA3.1) hRLuc activity
in vitro was 0.32 F 0.04 cpm/cell (mean F
SD) compared with 0.004 F 0.0008
cpm/cell (mean F SD) for parental
unmodified cells. Supplementary Data
contain a movie of the relative in vivo
antitumor effects of immunotherapy in the
five mouse groups.
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the control immunocytokine-treated group. This analysis shows that
half of the mice achieved an antitumor response (absence of
detectable hRLuc activity) after combination immunotherapy with
CD19R+ T cells and anti-CD20-IL-2 immunocytokine. We note that
there was continued T-cell persistence ( ffLuc activity) in the anti-
CD20-IL-2 immunocytokine–treated group compared with the
control immunocytokine–treated group (P < 0.05) at day 83. Although
tumor burden (hRLuc activity) was reduced in the CD20 immunocy-
tokine– comparedwith the control immunocytokine–treated group at
day 83, no statistical significance was observed. Thus, we note a trend
toward continued T-cell persistence and desired antitumor effect in
the anti-CD20-IL-2 immunocytokine–treated group.

We believe that this is the first time that bioluminescence
imaging has been used to connect the persistence of genetically
modified T cells to an antitumor effect. These data further reveal
that the mice that received the tumor-specific immunocytokine
control their tumor burden to a greater extent than the mice that
received the control immunocytokine (which does not bind the
tumor). As a treatment for minimal residual disease in patients
undergoing hematopoietic stem-cell transplantation, this combi-
nation therapy shows the ability to keep the disease relapse in
check for almost 3 months in this mouse model.

In aggregate, these data show that the combination of anti-CD20-
IL-2 immunocytokine and CD19R+ T cells results in augmented
control of tumor growth, as predicted from the in vivo T-cell
persistence data.

Discussion

We show that anti-CD20-IL-2 immunocytokine specifically binds
to CD20+ tumor, that infusions of the anti-CD20-IL-2 immunocy-

tokine can augment persistence of adoptively transferred CD19-
specific T cells in vivo , and that this leads to improved control of an
established CD19+CD20+ tumor. We believe that these observations
are due to the deposition of IL-2 at sites of CD20 binding, which
provides a positive survival stimulus to infused CD19R+IL-2R+

effector T cells residing in the tumor microenvironment.
The development of an anti-CD20-IL-2 immunocytokine has

implications for future immunotherapy of B-lineage malignancies.
Although rituximab has been extensively used to treat CD20+

malignancies (34–36), some patients become unresponsive to this
mAb therapy, leading to disease progression (37). The development
of an anti-CD20-IL-2 immunocytokine with its ability to activate
immune effector cells may rescue these patients, and a clinical trial
at COH is under way to determine the safety and feasibility of
infusing this immunocytokine. Modifications other than the
addition of cytokines (38, 39), such as radionucleotides (40) and
cytotoxic agents (41, 42), may also improve the therapeutic
potential of unconjugated clinical-grade mAbs. Indeed, combining
mAb therapy with therapeutic modalities that exhibit nonoverlap-
ping toxicity profiles is an attractive strategy to improve the
antitumor effect without compromising patient safety.

One novel combination therapy for treating B-lineage tumors,
described in this report, is to combine immunocytokine with T-cell
therapy. The two immunotherapies used, anti-CD20-IL-2 immuno-
cytokine and CD19-specific T cells, have the potential to improve
the eradication of tumor because (a) the targeting of different cell
surface molecules reduces the possibility emergence of antigen-
escape variants, (b) the mAb conjugated to IL-2 can recruit and
activate effector cells (such as CD19-specific T cells) expressing the
cytokine receptor in the tumor microenvironment, and (c) T cells

Figure 5. Measurement of both T-cell
persistence and antitumor effect of
immunotherapies in individual mice. Mice
were treated as in Fig. 3B , and T-cell
persistence (ffLuc signal, Y axis ) along
with tumor burden (hRLuc signal, X axis )
was measured in the same mouse at
the days mentioned. Improved T-cell
persistence (ffLuc signal) and reduced
tumor burden (antitumor effect,
hRLuc signal) in mice that received a
combination of CD19-specific T cells
and anti-CD20-IL-2 immunocytokine is
observed at day 83. Shaded gray areas,
background fluorescence.
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can kill independent of host factors, which may limit the
effectiveness of mAb-mediated complement dependent cytotox-
icity and antibody-dependent cell cytotoxicity (12–15). These
immunotherapies will target both malignant and normal B cells.
However, as loss of normal B-cell function has not been an
impediment to rituximab therapy and as clinical conditions
associated with hypogammaglobulinemia could be corrected with
infusions of exogenous immunoglobulin, a loss of B-cell function
may be an acceptable side effect in patients with advanced B-cell
leukemias and lymphomas receiving CD19- and/or CD20-directed
therapies.

Another potential advantage of immunocytokine therapy is that
the locoregional delivery of T-cell help in the form of IL-2 may
avoid the systemic toxicities observed with i.v. infusion of the IL-2
cytokine (43–45), and this may be particularly beneficial in the
context of allogeneic hematopoietic stem-cell transplantation. We
have recently described that umbilical cord blood–derived CD8+ T
cells can be rendered specific for CD19 to augment the graft-
versus-tumor effect after hematopoietic stem-cell transplantation.
Moreover, because the immunocytokine improves the in vivo
immunobiology of umbilical cord blood–derived CD19-specific T
cells, this study provides the groundwork for combining these two
immunotherapies after umbilical cord blood transplantation.

Alternative immunocytokines and T cells with shared specific-
ities for tumor types other than B-lineage malignancies could also

be considered for combination immunotherapy. For example,
immunocytokines might be combined with T cells that have been
rendered specific by the introduction of chimeric immunorecep-
tors for breast (46, 47), ovarian (48), colon (49), and brain (50)
malignancies. Furthermore, immunocytokines bearing other
cytokines might be infused with T cells to deliver IL-7, IL-15, or
IL-21 to further augment T-cell function in the tumor microen-
vironment.

In summary, the clinical testing of anti-CD20-IL-2 immunocyto-
kine and CD19R+ T cells as monotherapy will provide Phase I safety
and feasibility data. It is anticipated that the data in this report will
be used to justify next-generation clinical trials to evaluate
combinations of the immunocytokine and T cells.
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Abstract

Genetic modification of clinical-grade T cells is undertaken to
augment function, including redirecting specificity for desired
antigen. We and others have introduced a chimeric antigen
receptor (CAR) to enable T cells to recognize lineage-specific
tumor antigen, such as CD19, and early-phase human trials
are currently assessing safety and feasibility. However, a sig-
nificant barrier to next-generation clinical studies is devel-
oping a suitable CAR expression vector capable of genetically
modifying a broad population of T cells. Transduction of
T cells is relatively efficient but it requires specialized
manufacture of expensive clinical grade recombinant virus.
Electrotransfer of naked DNA plasmid offers a cost-effective
alternative approach, but the inefficiency of transgene
integration mandates ex vivo selection under cytocidal
concentrations of drug to enforce expression of selection
genes to achieve clinically meaningful numbers of CAR+

T cells. We report a new approach to efficiently generating
T cells with redirected specificity, introducing DNA plasmids
from the Sleeping Beauty transposon/transposase system
to directly express a CD19-specific CAR in memory and
effector T cells without drug selection. When coupled with
numerical expansion on CD19+ artificial antigen-presenting
cells, this gene transfer method results in rapid outgrowth
of CD4+ and CD8+ T cells expressing CAR to redirect specificity
for CD19+ tumor cells. [Cancer Res 2008;68(8):2961–71]

Introduction

The most robust example of successful T-cell therapy occurs
following allogeneic hematopoietic stem-cell transplantation where
the engrafted donor-derived T cells recognize recipient tumor-
associated antigens in the context of MHC. However, the graft-
versus-tumor effect after allogeneic-hematopoietic stem cell
transplantation is incomplete, resulting in relapse as the major
cause of mortality. To augment the graft-versus-tumor effect for
B-lineage neoplasms, we have previously shown that genetically
modified peripheral blood– and umbilical cord blood–derived
T cells can be rendered specific for CD19, a molecule constitutively
expressed on B-cell malignancies (1, 2). The redirected specificity
was achieved by electrotransfer of a linearized DNA plasmid
coding for a first-generation chimeric antigen receptor (CAR),

designated CD19R, which recognizes CD19 via the scFv of a murine
CD19-specific monoclonal antibody (mAb) fused to a chimeric
CD3-~–derived activation endodomain. A phase I trial (BB-IND1141,
clinicalTrials.gov identifier: NCT00182650; ref. 3) is currently
evaluating the safety and feasibility of infusing autologous T cells
electroporated to coexpress CD19R CAR and the hygromycin
phosphotransferase (Hy) and herpes simplex virus-1 thymidine
kinase selection/suicide fusion transgene (4).
We anticipated that the therapeutic efficacy of adoptive transfer of

CD19-specific Tcells would be improved by developing a CARwith a
fully competent activation signal and introducing the CAR into
central memory (CM) T cells. As a result, a second-generation CAR,
designated CD19RCD28, has been developed that provides CD19-
dependent signaling through chimeric CD3-~ and CD28, resulting in
improved in vivo persistence and antitumor effect, compared with
CD19R+ Tcells (5). To further optimize the clinical potential of CAR+

Tcells, while taking advantage of the cost-efficiency of nonviral gene
transfer, we desired a clinically feasible approach to the efficient
propagation of CAR+ T-cell populations, including TCM, in the
absence of expression immunogenic drug selection genes, such as
Hy . We reasoned that genetically modified Tcells could be selectively
propagated, upon activating T cells for sustained proliferation,
through the introduced second-generation CAR. To maximize
transgene expression, we codon-optimized (CoOp) the CAR as
reports have shown that codon optimization of genes toward human
consensus codon usage increases protein expression (6, 7).
The focus on developing nonviral gene transfer technologies is

justified based on the cost and time savings compared with
developing recombinant clinical-grade viral supernatant, which are
subject to rigorous regulatory oversight and rely on specialized
manufacturing experience of a limited number of production
facilities. Although the transfection efficiency of nonviral gene
transfer is inferior to viral-mediated transduction, naked DNA
plasmids expressing desired transgenes such as CAR can be rapidly
produced at a fraction of the cost compared with clinical grade
g-retrovirus and lentivirus. A potential drawback to nonviral
gene transfer, compared with viral gene transfer, is the lengthy
ex vivo manufacturing time to selectively propagate electroporated
T cells with stable expression of transgene, during which time the
cells may become susceptible to replicative senescence, lose
expression of desired homing receptors, and furthermore be
cleared in vivo due to recognition of immunogenic drug selection
transgene (8, 9). What is needed is an approach that when coupled
with nonviral gene transfer shortens the culture time to generate
T cells with durably expressed transgene and maintains a desired
T-cell immunophenotype.
To introduce the CAR, we evaluated whether the efficient

transposition and long-lasting transgene expression of the
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Sleeping Beauty (SB) DNA transposon derived from Tc1/mariner
superfamily of transposons (10, 11) can improve transgene transfer
efficiency. The SB transposable element from a DNA donor plasmid
can be adapted for nonviral gene transfer in T cells, using a SB
transposase supplied in trans to mediate integration of a
transposon CAR expression cassette flanked by terminal inverted
repeats (IR), which each contain two copies of a short direct repeat
(DR) that have binding sites for the transposase enzyme (Fig. 1D).
The SB transposase mediates transposition by binding to IRs,
excising a precise DNA sequence flanked by the IRs, and inserting
the transposon into any of f200 million TA sites in a mammalian
genome (12). Previously, the SB system has been used as a nonviral
gene delivery into multiple murine and human cell lines, including
liver, keratinocytes, endothelial cells, lung, hematopoietic pro-
genitor cells, embryonic stem cells, and tumor cells (11). Of
particular relevance is that SB-mediated integration has been
shown in human T cells (13), signifying the potential application of
this technology.
We report that electrotransfer of a two-component DNA SB

system into primary human T cells from umbilical cord blood and
peripheral blood results in efficient and stable CAR gene transfer,
which can be numerically expanded to clinically meaningful
numbers within 4 weeks on CD19+ artificial antigen-presenting
cell (aAPC), without the need for addition of cytocidal concen-
trations of drug for selection, and with the outgrowth of CD8+ and
CD4+ CM and effector CAR+ T-cell subpopulations. This was
achieved through the rationale design of (a) a next-generation

codon-optimized CD19-specific CAR, (b) CD19+ aAPC expressing
desired costimulatory and cytokine molecules, and (c) SB DNA
plasmids expressing CAR transposon and an improved transposase.
The relative ease of DNA plasmid production, electroporation, and
outgrowth of stable integrants on a thawed g-irradiated bank of
aAPC can be readily transferred to the facilities operating in
compliance with current good manufacturing practice (cGMP) for
phase I/II trials. This is predicted to greatly facilitate trial design
infusing CD4+ and CD8+ CAR+ T cells that have desired
immunophenotype, including TCM.

Materials and Methods

Plasmids. The plasmid pT-MNDU3-eGFP containing salmonid fish–

derived SB IR flanking the constitutive promoter, derived from the U3

region of the MND retrovirus (14), to drive an eGFP reporter gene (15), was
derived from the plasmid pT-MCS (16) that was derived from pT/neo (10).

The second-generation CD19RCD28 CAR (5) was human codon optimized

(CoOp), substituting codons with those optimally used in mammals

(GENEART) without altering anticipated amino acid sequence. The
codon-optimized CD19RCD28 (CoOpCD19RCD28) CAR was subcloned

into pT-MNDU3 DNA plasmid by replacing the eGFP sequence with

the CAR to create CoOpCD19RCD28/pT-MNDU3 (Fig. 1A). The DNA
plasmid pCMV-SB11 (Fig. 1B ) expresses the SB11 transposase (17).

Plasmid CoOpCD19RCD28/Hy-pVitro4 (Fig. 1C ) was generated from

pVitro4-mcs DNA vector (InvivoGen) by subcloning CoOpCD19RCD28 at

NheI in multiple cloning site two and replacing the internal ribosome entry
site (IRES) for the foot and mouth disease virus with that of the

encephalomyocarditis virus ( from pMG vector described; ref. 6). To

Figure 1. Schematic of the expression plasmids and experimental design. A, CoOpCD19RCD28/pT-MNDU3 (Transposon ).MNDU3 promoter, the constitutive promoter
from the U3 region of the MND retrovirus; CoOpCD19RCD28, codon-optimized CD19RCD28 CAR; IR, SB -inverted/direct repeats; bGh pAn, polyadenylation signal
from bovine growth hormone; AmpR, ampicillin resistance gene. B, pCMV-SB11 (Transposase). SB11, SB-transposase SB11; CMV promoter, CMV enhancer/
promoter; SV40pAN, polyadenylation signals from SV40. C, CoOpCD19CD28/Hy-pVitro4. EF1a promoter, composite promoter comprising the elongation factor-1a
(EF1a ) core promoter and the R segment and part of the U5 sequence (R-U5¶) of the human T-cell leukemia virus type 1 LTR; pMB1 ori, a minimal E. coli
origin of replication; SpAn, synthetic pause; CAGp, a composite promoter that combines the human CMV immediate-early enhancer and a modified chicken h-actin
promoter and first intron; Hy, hygromycin B resistance gene (hygromycin phosphotransferase); bGh pAn, polyadenylation signal from bovine growth hormone;
EM7 , synthetic prokaryotic promoter. D, an expression cassette in a plasmid (blue ) provides only transient expression unless incorporated into an integrating
transposon vector that can be cleaved from the plasmid and integrated into a host genome by a source of transposase (red ).
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generate cell surface–bound human interleukin 15 (IL-15), the granulocyte
macrophage colony-stimulating factor signal peptide sequence was fused to

the coding sequence of mature human IL-15 at the 5¶ end of a modified

human IgG4 Fc region (5) fused in frame to human CD4 transmembrane

domain and correct assembly was verified by DNA sequence analysis. The
membrane-bound IL-15-Fc cytokine fusion gene was subcloned into

pIRESpuro3 (Clontech) to obtain IL-15-Fc/pIRESpuro3.

Cell lines and primary human T cells. Daudi (Burkitt lymphoma) and

HLAnull K562 (erythroleukemia) cells were obtained from American Type
Culture Collection. Lymphoblastoid cells (LCL) were a kind gift of Dr. Helen

Heslop (Cell and Gene Therapy, Baylor College of Medicine, Houston TX).

These cell lines were cultured in HyQ RPMI 1640 (Hyclone) supplemen-

ted with 2 mmol/L Glutamax-1 (Life Technologies-Invitrogen) and 10%
heat-inactivated defined FCS (Hyclone), referred to as culture medium (1).

Human T cells were isolated by density gradient centrifugation over Ficoll-

Paque-Plus (GE Healthcare Bio-Sciences AB), from umbilical cord blood or

peripheral blood mononuclear cells (PBMC) after consent, and were

cultured in culture medium.
Generation of aAPC. As previously reported, K562 cells were electro-

porated with DNA plasmids to enforce expression of all of the following:

truncated CD19, 4-1BBL, and MICA fused to GFP (18). These aAPCs were

further modified to express membrane-bound IL-15 to provide a cytokine
stimulus at the site of CAR-binding and T-cell costimulation (19).

Electroporation and T-cell coculture with aAPC. On day 0, PBMCs

and umbilical cord blood mononuclear cells (107) were suspended in 100 AL
of Amaxa Nucleofector solution (CD34 kit) and mixed with 5 Ag of

supercoiled CoOpCD19RCD28/pT-MNDU3 and 5 Ag pCMV-SB11 DNA

plasmids, transferred to a cuvette, and electroporated (Program U-14).

After a 10-min room temperature incubation, the cells were transferred to a

six-well plate containing 3 to 4 mL incomplete phenol-free RPMI and rested

for 2 to 3 h. The cells were cultured overnight in 6 to 7 mL 10% phenol-free

RPMI and stimulated the next day (day 1) with g-irradiated (100 Gy) aAPC

at a 1:10 T cell/aAPC ratio. The g-irradiated aAPC were re-added every 7 d.

Recombinant human interleukin 2 (rhIL-2; Chiron) was added to the

cultures at 50 units/mL on a Monday-Wednesday-Friday schedule,

beginning day 1 of each 7-d expansion cycle. The supercoiled plasmid

CoOpCD19RCD28/Hy-pVitro4 (expressing CAR under control of EF1a
promoter and Hy under control of CAG promoter) was electroporated

(10 Ag) into PBMCs (107) using Nucleofector technology and T cells were

propagated by cross-linking CD3 using an OKT3-mediated 14-d rapid

expansion protocol (REP) as described previously using allogeneic

g-irradiated PBC and LCL feeder cells in the presence of exogenous

(soluble) rhIL-2 (20). T cells were enumerated every 7 d, and viable cells

were counted based on trypan blue exclusion.
Western blot. Expression of the chimeric 66-kD (CD19R) and 79-kD

(CD19RCD28) CD3-~ was accomplished using a primary mouse anti-human

CD3-~ mAb (1 Ag/mL; BD Biosciences) and secondary horseradish

peroxidase (HRP)–conjugated goat anti-mouse IgG (1:75,000; Pierce) under
reducing conditions, based on methods previously described (20). Protein

lysates were transferred onto nitrocellulose membrane using iBlot Dry

Blotting System (Invitrogen) and developed with SuperSignal West Femto

Maximum Sensitivity substrate (Pierce) per the manufacturer’s instructions
and chemiluminescence was captured after 1-min exposure using VersaDoc

MP 4000 Imaging System (Bio-Rad).

Generation of monoclonal antibody recognizing a CD19-specific
CAR. Female BALB/c mice were injected six times in the foot at 3-d

intervals with syngeneic NS0 cells expressing CD19R CAR. Three days

after the last immunization, mice were sacrificed, popliteal lymph nodes

were removed, and cells were fused with P3-8AG-X653 myeloma cells at
a ratio of 3:5, using 30% polyethylene glycol 1450 (in serum free RPMI

containing 5% DMSO). After 10 d, hybridoma colonies were picked,

cloned by limiting dilution in 96-well plates, and 100 AL of supernatants

were screened by ELISA for differential binding to round-bottomed
96-plates containing adsorbed (105/well) CD19R+ and CD19Rneg Jurkat

cells as detected by 1:500 dilution of HRP-conjugated goat anti-mouse

IgG (Santa Cruz Biotechnology). Detection was achieved by TMB
Microwell peroxidase substrate system (KPL). Protein G column (Roche)

purified mAb was conjugated to Alexa Fluor 488 (Invitrogen-Molecular
Probes) per manufacturer’s instructions.

Flow cytometry. Fluorochrome-conjugated reagents were obtained

from BD Biosciences: anti-CD4, anti-CD8, anti-CD25, anti-CD27, anti-

CD28, anti-CD62L, anti-CD45RA, anti-CD45RO, and anti-CD95. Affinity-
purified F(ab¶)2 fragment of FITC-conjugated goat anti-human Fcg
(Jackson Immunoresearch) was used at 1/20 dilution to detect cell

surface expression of CD19-specific CAR. Purified CAR-specific mAb clone

2D3, conjugated to Alexa Fluor 488, was used at a dilution of 1/30, giving
a concentration of f30 Ag/mL. In some experiments, binding of this mAb

to the Fc region of CAR was blocked (30 min at 4jC) using goat human

Fc-specific antiserum (Sigma). Blocking of nonspecific antibody binding

was achieved using FACS wash buffer (2% FCS in PBS). T-cell receptor
(TCR)-Vh expression was determined with a panel of 24 TCR-Vh–specific
mAbs (IO TEST Beta Mark TCR-Vh repertoire kit, Beckman Coulter) used

in association with anti-CD3 and appropriate isotype-matched control
mAbs. Data acquisition was on a FACSCalibur (BD Biosciences) using

CellQuest version 3.3 (BD Biosciences). Analyses and calculation of mean

fluorescence intensity (MFI) was undertaken using FCS Express version

3.00.007 (Thornhill).
Intracellular IL-2 cytokine staining. Intracellular IL-2 was assayed

using the Intracellular Cytokine Staining Starter Kit (BD PharMingen) per

the manufacturer’s instructions. Briefly, 105 T cells were incubated with

0.5 � 106 stimulator cells in 200 AL culture medium along with protein

transport inhibitor (BD Golgi Plug containing Brefeldin A) in a 96-well plate.

Following a 4- to 6-h incubation at 37jC, the cells were stained for CAR

expression using hybridoma mAb clone 2D3 at 4jC for 30 min. After

washing, the cells were fixed and permeabilized (100 AL, Cytofix/Cytoperm
buffer) and phycoerythrin-conjugated mAb specific for IL-2 was added.

Cells were further washed and analyzed by FACSCalibur. T cells

were treated with a leukocyte activation cocktail (phorbol 12-myristate

13-acetate and ionomycin) as a positive control.
Confocal microscopy. Jurkat parental and CD19R+ Jurkat cells were

stained with the hybridoma clone mAb 2D3, at a 1:50 dilution for 15 min at

4jC, washed in FACS wash buffer, and fixed with 0.1% paraformaldehyde.

After fixing, the cells were washed twice with FACS wash buffer and
transferred onto slides, and coverslips were mounted with Prolong Gold

anti-fade agent (Invitrogen). Cells were examined under a confocal

microscope (Leica TCS SP2-SE) using oil immersion lens (�63 objective).

Single-scan images were obtained with a 4.76� zoom in a 1,024 � 1,024
format with a line averaging of 8.

Chromium release assay. The cytolytic activity of T cells was

determined by 4-h chromium release assay (1). CD19-specific T cells

were incubated with 5 � 103 51Cr-labeled target cells in a V-bottomed
96-well plate (Costar). The percentage of specific cytolysis was calculated

from the release of 51Cr, as described earlier, using a TopCount NXT

(Perkin-Elmer Life and Analytical Sciences, Inc.). Data are reported as
mean F SD.

DNA PCR for SB transposon and transposase. DNA was isolated from

PBMC using the QIAmp DNA mini kit (Qiagen). PCR was carried out using

CD19RCD28-specific forward primer 5¶-AGATGACCCAGACCACCTCCAGC-
3¶ and reverse primer 5¶-GGTATCCTTGGTGGCGGTGCT-3¶ for the transpo-
son. The PCR reaction used 1 Ag of DNA/sample in a mix containing

10� PCR buffer, 2.5 mmol/L deoxynucleotide triphosphates, 3 Amol/L

MgCl2, and 0.5 units of DNA polymerase (AmpliTaq Gold, Applied
Biosystems) in a final volume of 50 AL amplified in a thermal Cycler

(PTC-200 DNA Engine Cycler, Bio-Rad). After an initial denaturation at 95jC
for 5 min, the samples underwent 34 cycles of 95jC for 30 s, 65jC for 30 s,
72jC for 1 min 15 s, followed by a prolonged extension step at 72jC for

7 min. For the transposase gene, PCR was carried out using SB11-specific

forward primer 5¶-ATGGGACCACGCAGCCG-3¶ and reverse primer 5¶-
CGTTTCGGGTAGCCTTCCACA-3¶. After an initial denaturation at 95jC
for 5 min, the samples underwent 34 cycles of 95jC for 15 s, 58jC for 30 s,

74jC for 2 min followed by a prolonged extension step at 74jC for 7 min.

The housekeeping gene GAPDH was also amplified in the same samples

using the forward primer 5¶-TCTCCAGAACATCATCCCTGCCAC-3¶ and
reverse primer 5¶-TGGGCCATGAGGTCCACCACCCTG-3¶.
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Chromosome banding analysis. Exponentially growing SB-transfected

T-cell cultures ( freshly fed 24 h earlier) were incubated for 2 h at

37jC with colcemid (20 AL of 0.04 Ag/mL) per 10 mL medium followed by
0.075 mol/L KCl at room temperature for 15 min, fixed with acetic acid/

methanol (1:3), and washed thrice on a glass slide. For Giemsa (G)

banding, 5- to 6-d-old slides treated with trypsin were stained with

Giemsa stain following standard techniques described previously (21).
A total of 15 G-banded metaphases were photographed and 5 complete

karyotypes were prepared using a karyotyping system from Applied

Imaging Corporation.

Results

We describe a new approach to using nonviral gene transfer of
DNA plasmids to efficiently obtain populations of memory and
effector T cells with desired specificity (Fig. 1D). The system we
have devised provides for robust antigen-driven expansion of CD4+

and CD8+ CAR+ T cells to clinically meaningful numbers.
Monoclonal antibody with specificity for CD19-specific CAR.

The cell surface expression of the introduced CAR was predicted
to increase with outgrowth of T-cell populations that have
undergone CAR-mediated numerical expansion on CD19+ aAPC.
Currently, the only-commercially available flow cytometry
reagents that recognize our CARs are polyclonal anti-Fc anti-
bodies raised in goat, but we desired a homogeneous monoclonal
product for use in the release of CAR+ T cells for clinical trials. To
longitudinally follow the transgene expression, we developed a
CAR-specific mAb by immunizing mice with syngeneic NS0 cells
expressing CD19R. A hybridoma mAb clone 2D3 (IgG1) was
selected by flow cytometry that selectively bound to CD19R+

Jurkat cells, but not parental Jurkat cells. The binding of 2D3 can

be blocked using a Fc-specific antibody (Fig. 2A). The 2D3 clone
bound a CD20-specific CAR that shares the IgG4 Fc region with
CD19R and CD19RCD28 (data not shown). The pattern of staining
by confocal microscopy showed 2D3 binding to CAR on the cell
surface (Fig. 2B). These data are consistent with a mAb binding
specifically to the CD19-specific CAR and recognizing the
modified human IgG Fc region. Of note, the production of this
mAb avoided the need to purity recombinant CAR protein as the
immunogen was genetically modified NS0 cells and the ELISA
screening used genetically modified Jurkat cells.
Electrotransfer of SB two-plasmid DNA system.We have used

a nonviral gene transfer approach to introduce codon optimized
DNA expression plasmids because these expression vectors can be
readily and cheaply manufactured to clinical grade. Although
codon modification of TCR genes has been shown to enhance
expression of transgenic TCR in primary human T cells (22), we
now show the usage of a codon optimized second-generation CAR.
Previously, our electroporation approach based on the Multi-
porator (Eppendorf; refs. 23, 24) used T cells that had been
stimulated to proliferate by cross-linking CD3 with OKT3 to allow
access of the introduced naked DNA to the nucleus after
dissolution of the nuclear envelope during prometaphase. However,
T cells nonspecially activated to proliferate, such as by cross-linking
CD3 as occurs in the REP (25), would preclude subsequent
immediate antigen-mediated propagation and thus directed
outgrowth of CAR+ T cells. Nucleofector technology has been used
to electroporate nonreplicating cells by direct transfer of DNA to
the nucleus (26). Thus, we investigated whether this electrotransfer
system could be used to genetically modify circulating T cells from
peripheral blood and umbilical cord blood, which are in a

Figure 2. Specificity of mouse-derived
CAR-specific mAb (clone 2D3). A, Jurkat cells
were genetically modified and sorted to
express CD19R. Jurkat parental (gray line )
and CD19R+ (black line ) cells were stained
with (i) Alexa 488–conjugated clone 2D3
and (ii ) F(ab¶)2-fragment of goat-derived
polyclonal antibody specific for human Fc;
iii, binding of 2D3 (solid line ) was blocked
by polyclonal Fc-specific antisera (dashed
line ). B, cell surface staining of Alexa Fluor
488–conjugated clone 2D3 by confocal
microscopy on (i) CD19R+ Jurkat cells and (ii )
Jurkat parental cells. Cells were stained, fixed,
and mounted as described in Materials and
Methods.
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quiescent state. To assist with subsequent translation to clinical
practice, the Nucleofector solution is available for use in cGMP.
Both the SB transposase and IR have been independently

manipulated to improve efficiency of transposition, but changes to
both do not generally seem to be additive. In preliminary
experiments, we too compared the relative transposition efficiency
of the SB10 (10, 16) and SB11 transposases (the latter exhibiting
improved enzymatic activity; ref. 17) in a two-by-two matrix using
the Amaxa 96-well Shuttle system to introduce these transposases
and pT (15, 16) and pT2 transposons (the latter exhibiting
improved transposition; ref. 27) into Jurkat T cells. As observed
with other cell lines, we found a similar increase in transposition
using SB11 with pT and using SB10 with pT2 (27) although, as
reported, overproduction of transposase inhibited transposition
(13, 17). When the pT2-improved transposon was combined with
SB11, no further increase in transgene expression was observed
over that achieved when these components were used with SB10 or
pT, respectively. In the present study, a combination of pT
transposon ( for integration) and SB11 transposase ( for transient
expression) was used for experiments with primary T cells.
Generation of CD19+ aAPC. We determined whether peripheral

blood and umbilical cord blood–derived T cells could be selectively
propagated by stimulating through an introduced immunorecep-
tor. This experiment would evaluate our underlying hypothesis of
whether the presence of the SB transposase would improve
efficiency of CAR transposon integration in T cells. Our initial
attempts at CAR-dependent T-cell propagation after electrotransfer
of the SB system used allogeneic LCL because these are widely
available as master cell banks (including at M. D. Anderson Cancer
Center) manufactured in compliance with cGMP for phase I/II
trials. However, these LCL resulted in nonspecific outgrowth of
CARnull T cells that had undergone electrotransfer of SB plasmids,
independent of CAR expression (data not shown), presumably due
to outgrowth of alloreactive T cells. Because our SB transposon by
design does not include a drug resistance gene, we avoided
nonspecific propagation of T cells using K562 as aAPC because
these do not express classical HLA molecules. K562 cells are widely
recognized as a platform suitable for the numerical expansion of
lymphocytes because they (a) can be cultured in compliance with
cGMP, (b) express desired endogenous T-cell costimulatory
molecules, (c) secrete pro-inflammatory cytokines, and (d) can be

readily modified to enforce the expression of antigen and desired
endogenous T-cell costimulatory molecules (28, 29). To provide an
IL-15–mediated growth stimulus coordinated with recognition of
CD19 antigen, the aAPC expressing tCD19, 4-1BBL, and MICA were
further modified to express the IL-15 cytokine on the cell surface
(IL-15-Fc; Fig. 2A). Membrane-bound IL-15 has been used before to
propagate natural killer (NK) cells on K562 (19). The ability of these
K562 aAPCs to propagate CAR+ T cells after electrotransfer of SB
transposon and transposase plasmids is described in the next
section.
SB-mediated gene transfer of CAR transposon in primary

T cells. After using the Nucleofector to import plasmid DNA into
quiescent T cells, we observed that peripheral blood– and
umbilical cord blood–derived electroporated CD4+ and CD8+

T cells readily expressed the CAR transposon (Table 1; Fig. 3A).
Not surprisingly, the presence of the plasmid expressing the SB11
transposase did not increase transposon expression when
measured 24 hours after electroporation (22% and 27% CAR
expression with and without transposase, respectively), as this
early time point for assessing transgene expression records
transient nonintegrated CAR expression (Fig. 3A). The genotoxicity
reported with excess expression of SB transposase (17) was
apparently controlled in our two-plasmid system using a 1:1 ratio
of transposon and transposase. To obtain peripheral blood– and
umbilical cord blood–derived T cells with integrated transposon,
the genetically modified cells were cocultured with g-radiated
aAPC (K562 genetically modified to express tCD19, 4-1BBL, MICA,
IL-15-Fc) at a ratio of 1:10 (T cell to aAPC). After 5 weeks of
continuous coculture (g-radiated aAPC re-added every 7 days), the
percentage of peripheral blood–derived T cells expressing CAR
increased in the transposase-containing group (43%), whereas the
CAR expression was lost (0.7%) when transposon was electro-
transferred in the absence of transposase (Fig. 3A). Thus, after 28
to 35 days, the efficiency of two DNA plasmid SB-mediated gene
transfer improved CAR expression by f49 to 60-fold, compared
with a single plasmid transposon control (Table 1). The expression
of the CAR was confirmed by Western blot of whole-cell lysates of
propagated T cells probed using a mAb specific for CD3-~ chain
revealed the 79-kDa chimeric ~ chain in addition to the 21-kDa
endogenous ~ chain (Fig. 3C). To monitor for the presence or
absence of the integrated CD19RCD28 transgene, DNA from the

Table 1. Percent CAR expression in Tcells after electroporation of CAR transposon with or without SB11 transposase plasmid

DNA plasmid(s) Day 1 Day 28

CD4+CAR+ CD8+CAR+ Total CAR+ CD4+CAR+ CD8+CAR+ Total CAR+

PBMC UCB PBMC UCB PBMC UCB PBMC UCB PBMC UCB PBMC UCB

No DNA 0.6 1.0 0.2 0.1 1.6 1.3
SB11 0.9 1.1 0.8 0.2 1.2 1.4

Txpn* 15.9 10.7 9.5 1.0 27.0 11.8 0.07 0.8 0.5 0.3 0.8 3.5

Txpn* and SB11 13.3 4.9 7.9 0.8 22.0 5.4 27.5 24.8 13.5 1.9 38.9
c

29.7
b

Abbreviation: UCB, umbilical cord blood.

*Txpn (transposon) = CoOpCD19RCD28/pT-MNDU3.
cWhen SB transposase is electroporated with transposon, there is 49-fold improved CAR expression.
bWhen SB transposase is electroporated with transposon, there is 8.4-fold improved CAR expression.
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numerically expanded T cells, electroporated with and without
SB11, were PCR amplified using CAR-specific primers. A 1,900-bp
band corresponding to the CD19RCD28 transgene was observed in
T cells electroporated using the SB two-plasmid system, whereas

no similar band was observed in cells electroporated with SB
transposon in the absence of transposase, which is consistent with
improved SB11-mediated transposition in T cells expressing CAR
protein (Fig. 3D).

Figure 3. Characterization of CAR expression on peripheral blood–derived T cells after electrotransfer of SB plasmid system. A, expression of CAR on CD8+ and
CD4+ T cells after electrotransfer of SB transposon with or without SB11 transposase at 24 h, and 4 and 5 wk of coculture on g-irradiated K562-derived aAPC
expressing tCD19, IL-15-Fc, MICA, and 4-1BBL. B, i, immunophenotype of memory cell markers (CD27, CD28, CD62L) on genetically modified T cells generated after
5 wk of coculture on aAPC. The gray-filled histograms reveal the percentage of T cells expressing CD27, CD28, and CD62L in the lymphocyte-gated population. Those
expressing the memory cell markers were analyzed for coexpression of CAR (detected by mAb clone 2D3) and CD8 or CD4. ii, expression of CD45RO, CD45RA, and
CD62L on T cells generated after coculture. CAR+ CD4 or CD8 cells were analyzed for the expression of CD45RA and CD45RO. The MFI of the unmanipulated
T cells was 867/50 (CD45RA/CD45RO) compared with 28/38 for the SB-transfected T cells. CD45RO and CD62L double-positive cells were also analyzed for
coexpression of CAR. iii, TCM, defined as double-positive for CD28 and CD95 (TEM, CD28

negCD95pos), were analyzed for coexpression of CD62L and CAR. C,
Western blot analysis of CAR expression detected by mAb specific for CD3-~ . Whole-cell protein (20 Ag) lysates from primary T cells genetically modified with

CoOpCD19RCD28 (lane 1, f79 kDa chimeric protein) or no plasmid control (lane 2 ); CD19R+ Jurkat cells (lane 3, f66 kDa chimeric protein) or parental Jurkat (lane 4 )
were resolved by SDS-PAGE under reducing conditions. D, integration of CoOpCD19RCD28 by PCR. DNA was isolated from T cells after mock electroporation
(no DNA, lanes 1 and 4 ), from T cells 28 d after electroporation with SB transposon in the absence of transposase (lanes 2 and 5 ), and from T cells 28 d after
electroporation with transposon in the presence of SB11 transposase (lanes 3 and 6 ). PCR was accomplished using transposon-specific primers (lanes 1–3 ) or
GAPDH-specific primers (lanes 4–6 ). The data showing SB system in peripheral blood/cord blood are from a representative experiment.
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Propagation of CAR+ T cells. The K562-derived aAPC was
calculated to give a 20-fold growth of genetically modified T cells
at the end of 4 weeks with continued and accelerated expansion
thereafter (Fig. 4A). A subset analysis revealed that populations
of both CD4+CAR+ and CD8+CAR+ T cells could be propagated
(Table 1). Initially, the rates of CD4+ and CD8+ T-cell growth on
aAPC were similar, but after f8 weeks there was an outgrowth of
CD4+CAR+ T cells (Fig. 4B). Thus, continued time in tissue culture
could be used to derive CAR+ T cells with an increased CD4 to CD8
ratio. We also followed the percentage expression and density of
the CAR on the T-cell surface by flow cytometry. With coculture,
there was outgrowth of percentage of T cells expressing the CD19-
specific CAR (22% on day 1 and peaking at 99% on day 70).
However, as the percentage of CAR+ T cells increased, there was a
decrease in the density of CAR expression, as the MFI dropped
from a peak of 109 arbitrary units at 21 days, early in the
coculturing process, and then declined over culture time. The
amount of CAR for the population peaked at f70 days after

electroporation (percentage expression multiplied by MFI). Thus,
adding a fixed ratio of aAPC (with a fixed density of CD19 antigen)
to T cells seems to have supported the growth for populations of
T cells that either expressed high density of CAR or high percentage
of CAR.
Immunophenotype of CAR+ memory T cells. Previously, T cells

from healthy donors electroporated to express a CD19-specific CAR
and nonspecifically activated for proliferation by cross-linking CD3
with OKT3 using REP have shown a predominant phenotype
consistent with differentiated effector CD8+ T cells (20). In contrast,
after electrotransfer of SB plasmids and numerical expansion on
aAPC, T cells exhibited a heterogeneous immunophenotype and
apparently included populations of CAR+ TCM. We showed that the
CAR+ T cells expressed memory cell markers (CD27, CD28, CD62L;
refs. 30–32) as well as determinants of an effector-cell phenotype
(Fig. 3Bi). For example, over half of CD27+, CD28+, and CD62L+

T cells expressed CAR. Indeed, as a marker for TCM, 88% of the
CD62L+CD45RO+ cells expressed the CAR (Fig. 3Bii ; ref. 33). Upon

Figure 4. Sustained proliferation of genetically modified
primary peripheral blood–derived T cells with analysis of
CAR expression and TCR repertoire. A, kinetics of propa-
gation of T cells in culture with aAPC. The average T-cell
numerical expansion was 22-fold (range 20–31) every 7 d for
up to 10 wk of continuous coculture with aAPC. B, percent
expression (unbroken lines, left axis ) and density as
measured by MFI (dotted line, right axis ) of CAR on total,
CD4+, CD8+ T cells as measured by flow cytometry over
culture time on aAPC. C, TCR Vh analysis by flow cytometry
4 wk after electrotransfer of SB plasmids (filled columns )
or CoOpCD19CD28/Hy-pVitro4 plasmid (open columns ).
Data are representative of two different experiments.
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gating CD45RO+ cells, we observed a preferential expansion of
T cells with this memory-cell marker in the cultured SB-transfected
T cells (90%; MFI, 38) compared with unmanipulated T cells
obtained directly from PBMC (36%; MFI, 50). TEM and TCM have
also been distinguished based on relative expression of CD28 and
Fas (34). Using these markers, we were able to identify that
genetically modified and propagated TCM constituted f40% of the
total cell population and CD28negCD95+ TEM represented the
remainder of the propagated Tcells. Multiparameter flow cytometry
further revealed that 39% of CAR+CD28+CD95+ TCM expressed
CD62L. In comparison, only 7% of the CAR+ TEM expressed CD62L
(Fig. 3Biii). These data reveal that CAR+ T cells are present in T cells
that express markers consistent with TCM. Preferential expansion of
T cells in tissue culture with an apparent memory phenotype can
also be inferred by from the ratio of CD45RA/CD45RO, which
decreased from 2.75 in unmanipulated freshly derived PBMC to
0.9 for SB-transfected and ex vivo propagated T cells (Fig. 3Bii).
The relative percentage increase of observed CD45RO+ cells, or
the decrease in CD45RA/CD45RO ratio, is presumably due to the
repetitive antigenic stimulation of cultured T cells resulting in
down-regulation of the high molecular weight CD45RA isoform and
reciprocal up-regulation of the low molecular weight isoform
CD45RO during time in culture. Coexpression of both CD45RA and
CD45RO has been associated with the phenotype of effector T cells
(35) but as in circulating peripheral blood–derived T cells express
both CD45RA and CD45RO, the markers are presumably also
present on memory cells. These data have implications for
improved in vivo efficacy as TCM are associated with long-term
persistence after adoptive transfer.
TCR VB repertoire. We tracked the expression of TCR Vh usage

by flow cytometry over time with the hypothesis that an
improvement in DNA-plasmid integration would be reflected by

maintenance of a broad pre-electroporation TCR Vh repertoire. The
pattern of TCR Vh usage observed after electrotransfer of the two
DNA SB plasmids and propagation on aAPC wasmuch broader than
when T cells were electroporated using the single CoOpCD19RCD28/
Hy-pVitro4 plasmid and expanded by REP by cross-linking CD3 with
OKT3 in cytocidal concentrations of hygromycin B. We observed
that f80% of the T cells electroporated with CoOpCD19RCD28/Hy-
pVitro4 plasmid expressed a single TCR Vh family (Vh5.3). In
contrast, f80% of the T cells electroporated with the complete SB
system expressed 30% of the TCR Vh families (Fig. 4C). This is
consistent with less efficient integration of the CoOpCD19RCD28/Hy-
pVitro4 plasmid compared with the SB system. These data have
implications for design of adoptive immunotherapy trials as
maintaining a broad TCR diversity is desired to restore immune
reconstitution after myeloablative preparative regimens.
Redirected function of CAR+ T cells after electrotransfer of

SB plasmids. The numerically expanded T cells were evaluated for
redirected killing. The genetically modified T cells were able to lyse
CD19+ targets, and specificity of killing was shown by the
background lysis of CD19neg K562 cells (Fig. 5A). We showed a
25-fold increase in specific lysis of CD19+ K562 at effector-to-target
ration of 50:1. The lack of killing of CD19neg K562 is consistent with
absence of resident NK cell function in the culture, as these target
cells are sensitive to NK cell–mediated lysis. Because the CAR
contains a CD28 endodomain, we investigated whether T cell–
derived IL-2 could be produced when CAR contacted CD19 antigen
in the absence of binding CD80 or CD86. An intracellular cytokine
assay showed that IL-2 could be detected in the CAR+ T cells only
when cultured with CD19+ stimulator cells and not with CD19neg

cells (Fig. 5B). There was an f4-fold increase in IL-2 expression
when CAR+ T cells were stimulated by CD19+CD80negCD86neg K562
cells compared with CD19neg K562 parental controls. No significant

Figure 5. Redirected specificity of peripheral blood–derived T cells genetically
modified with SB system. A, killing of CD19+ target cells (HLA Ineg Daudi; HLA class
I/IIneg K562 cells transfected to express truncated CD19) in a standard 4-h chromium
release assay. Background lysis of CD19neg (parental K562) cells is shown. Points,
mean specific lysis of triplicate wells at effector to target (E:T ) cell ratios; bars, SD.
B, CAR and intracellular IL-2 expression after incubating with panel of stimulator
cells by multiparameter flow cytometry gating on CD3+ lymphocytes. Phorbol
12-myristate 13-acetate (PMA ) and ionomycin were added as a positive control.
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IL-2 production was observed when T cells were cultured in absence
of stimulator cells. These data are consistent with activation of
T cells for killing and IL-2 cytokine production through the CAR.
Lack of integration of SB11 transposase in propagated

T cells. Continued presence of the SB11 transposase in genetically
modified T cells may cause genotoxicity. We evaluated for the
presence of integrated transposase plasmid by genomic PCR. No
band corresponding to the SB11 transposase gene (size f830 bp)
was detected in T cells that were electroporated with the SB
transposon and transposase and had undergone 4 weeks of
coculture with aAPC (Fig. 6A), which is consistent with the rapid
loss of transposase expression activity over the first few days
postdelivery in mice (36). These results indicate that the SB11
transposase was not integrated into the genome of cells stably
expressing the CD19RCD28 CAR.
Karyotype of genetically modified T cells. As a measure of

global genotoxicity associated with undesired and continued
transposition, we evaluated the integrity of the chromosome
structure. G-banding analysis of the SB-transfected T cells showed
a normal female karyotype, 46, XX with no apparent numerical or
structural chromosome alterations (Fig. 6B). Although this does not
exclude chromosomal damage below the limit of detection of this
technique, it supports the premise that SB transposition in T cells is
not associated with translocations and chromosomal aberrations.

Discussion

We have previously showed that peripheral blood– and umbilical
cord blood–derived T cells can be rendered specific for CD19, based
on using a CAR capable of providing a fully competent activation
signal, development of aAPC-expressing antigen, and desired
costimulatory signals. In this report, we describe the use of SB
transposon/transposase plasmids to introduce CD19-specific CAR
leading to efficient outgrowth of CAR+ T cells on aAPC with
preservation of CD4+, CD8+, central memory, and effector-cell
immunophenotypes. This is expected to be of widespread interest
as many institutions are evaluating the clinical potential of
genetically modified T cells with redirected specificity. The majority
of these programs use recombinant viral vectors, which, although
efficient at gene transfer, are generally cost-prohibitive to
manufacture to clinical grade and still permit incremental changes
to clinical trial design. Yet, at this early stage of gene therapy
planning with clinical grade T cells, what is needed, and is provided
here, is a cost-effective gene transfer system that encourages
reiterative changes to expression vector and/or CAR design to be
used in proof-of-concept clinical trials that support hypothesis
testing from the bench to the bedside and back again. The
approximate cost for manufacture and release of a clinical grade
plasmid DNA is between $20,000 and $40,000 depending on
supplier and degree of release testing needed. This release testing
typically requires restriction enzyme analyses, sequencing, and
measures of (a) homogeneity/purity/contamination (protein, RNA,
and other DNA) and (b) sterility including endotoxin. For early-
phase proof-of-concept trials, this pricing compares favorably with
the relatively high cost of recombinant retrovirus, including
lentivirus as manufacture and release of clinical grade viruses
may exceed 10 times the cost of DNA-plasmid production.
Furthermore, there is downward pressure on the unit cost for
DNA because there are many vendors worldwide with the
capability to produce clinical grade plasmids. The manufacture/
release of recombinant retrovirus is highly specialized, requiring

the expertise of a small number of GMP facilities that contributes
to high cost and can introduce delays to production and thus
availability for clinical use.
Previously, the relatively low levels of nonviral gene transfer

efficiency to introduce naked DNA plasmid coding CAR transgene,
compared with viral-mediated transduction, has been compensat-
ed by lengthy periods of ex vivo tissue culture to select-out T cells
expressing drug-metabolizing enzymes. Thus, an attractive feature
of the SB gene transfer system to introduce CAR into T cells is
avoidance of the need to express immunogenic section genes, such
as bacteria-derived Hy transgene. Some human-derived drug-
resistant transgenes are available for use in hematopoietic cells
(37, 38), but they typically incorporate amino acid changes from the
native protein sequence that may compromise their inability to
remain nonimmunogenic and the continued presence of chemo-
selective drugs may slow kinetics of ex vivo numerical expansion
and alter T-cell function.
Coupling electrotransfer of SB system with selective propagation

of CAR+ T cells was made possible using K562 cells that had been

Figure 6. Safety issues regarding SB transposase and chromosomal
aberrations. A, lack of integration of SB11 transposase by genomic PCR from
genetically modified and propagated peripheral blood–derived T cells. DNA was
isolated from T cells after mock electroporation (no DNA, lanes 1 and 4),
from T cells 28 d after electroporation with the two-plasmid SB system
(lanes 2 and 5), or from Tcells 1 d after electroporation with the two-plasmid SB
system (lanes 3 and 6 ). PCR was accomplished using transposase-specific
primers (lanes 1–3 ) or GAPDH-specific primers (lanes 4–6 ). B, idiogram of a
G-banded karyotype of the SB-transfected peripheral blood–derived T cells
showing no apparent numerical or structural chromosome alterations.
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genetically modified to express costimulatory molecules to
function as aAPC. We have previously shown that the presence of
4-1BBL and MICA on CD19+ K562 could propagate CD19R+ T cells
(18). However, sustained antigen-driven numerical expansion of
genetically modified T cells on aAPC has required the presence of
rhIL-15 (18). In our current experiments, we found that the
exogenous addition of this soluble cytokine led to nonspecific
stimulation of T cells after electrotransfer, especially because there
was no concomitant drug selection, resulting in the outgrowth of
T cells that did not maintain CAR expression (data not shown).
This could be corrected by expression of IL-15 at the interface
between aAPC and T cells, using membrane-bound IL-15, as has
been shown for the survival/propagation of NK cells (19, 39). This
approach of expressing IL-15 on the cell surface has the further
advantage of avoiding rhIL-15 protein that is not yet readily/widely
available for use in clinical trials. Allogeneic LCL are another
source of CD19+ aAPC to propagate CD19-specific T cells and are
available to many centers operating facilities in compliance with
cGMP as a master cell bank. However, the presence of HLA led to
stimulation of T cells through activation of allospecific TCR and
subsequent outgrowth of T cells that lacked CAR expression. This
alloimmune response could be avoided using the K562 as aAPC, as
these cells lack endogenous class I and II MHC (29).
Next-generation clinical trials using genetically modified T cells

are expected to infuse predefined populations of T cells with defined
characteristics such as the inclusion of both CD4+ and CD8+ T cells
and TCM. There is convincing clinical data that the presence of CD4

+

T-helper cells improves the persistence of CD8+ antigen-specific T
cells (40). Furthermore, clinical trials using melanoma-specific
T cells have shown in vivo long-term persistence of subpopulations
of infused CD28+ memory T cells (41) and human experience
has shown a preference for the selective survival of autologous
HIV-specific CD27+ versus CD27neg adoptively transferred T cells
(31). These data are supported by nonhuman experiments
in which adoptive transfer of ex vivo propagated macaque
CD28+CD95+CD62L+ TCM resulted in longer in vivo persistence
compared with infusion of numerically expanded effector T cells
(34). We note that the electrotransfer of SB plasmids and subsequent
CAR-mediated propagation on aAPC supports the outgrowth of
T cells with these desired phenotypes as our CAR+ T cells maintain
expression of CD27, CD28, CD45RO, CD95, and CD62L. Clinical trials
will be needed to determine whether adoptive transfer of these CAR+

T cells with an apparent central memory immunophenotype
(CD28+CD95+CD62L+) results in long-term in vivo persistence of
genetically modified T cells or whether these cells, despite being
maintained for weeks in culture, will differentiate after infusion into
effector T cells with limited in vivo survival. Clinical experience will
also be needed to assess whether the presence of CD62L (L-selectin)
on genetically modified T cells enables CAR+ T cells to traffic to sites
of minimal residual disease for B-lineage malignancies, such as
secondary lymphoid organs (42, 43).
Although there are a variety of transposase/transposon expres-

sion vectors available, we elected to combine the improved
enzymatic activity of the SB11 transposase with pT IR sequences,
rather than less efficient SB10 transposase with pT2 plasmid
containing IR with improved IR activity. This was based on (a) the
observation that integrated SB11 transposase could not be detected
after T-cell culture on aAPC and (b) the assumption that because the
CAR transposon with flanking IR is to be integrated, we wished to
reduce the potential for introducing an element with increased
potential for retransposition and potential deleterious chromosomal

rearrangement. We note that the majority of viral vectors currently
used in human gene therapy trials also contain elements flanking
transgene to be integrated, such as the long terminal repeat (LTR)
termini of recombinant retrovirus, with binding sites for enzymes
with integrase activity. The transfer of retroviral-derived LTR has not
been associated with deleterious host genome chromosome
rearrangements, especially in T cells (44), and the low risk of
genotoxicity due to the integrated presence of SB IR should be on par
with retrovirally mediated transduction.
A gene transfer event with stable integration could result in

deleterious insertional mutagenesis, but for SB transposition this
seems to be less than retrovirally mediated transduction given
the observed preference for random chromosomal integration at
TA-dinucleotide base pairs areas. Although the safety of SB
transposition can only be adequately addressed in clinical trials,
we have not seen major chromosomal aberrations after electro-
transfer of SB plasmids. Furthermore, to safeguard against the
emergence of genetically modified T cells with autonomous growth,
we routinely culture T cells after electroporation without aAPC and
we are yet to observe evidence of antigen-independent prolifera-
tion. The risks for first-in-human trials using SB system would
seem to be ameliorated when using T cells, rather than
hematopoietic progenitor cells and in the setting of high-risk
malignancies in which patients are expected to succumb to
underlying relapsed malignancies. The risks of genotoxicity may be
reduced in the future using a transposase with directed integration
(45, 46), coupling persistent transposase activity with a transgene
mediating conditional suicide, or introducing mRNA (47) rather
than DNA coding for the transposase.
The future for clinical therapy infusing genetically modified

T cells with redirected specificity looks promising. There are
published reports on the therapeutic effect of T cells genetically
modified to express full-length ahTCR (48) and clinical studies
using T cells expressing chimeric receptors to redirect specificity
have been reported or are under way (35, 49, 50). With the
results of the first in-human trial infusing CD19-specific T cells
being reported (3), the next step (the so-called second
translational hurdle) will be expanding these single-institution
experiences to multi-institution trials powered for efficacy. The
platform we describe for producing CAR+ T cells should be
appealing to investigators undertaking single-site as well as
multisite trials using gene transfer of immunoreceptor(s) to
redirect the specificity of T cells, including TCM. The system we
have developed uses technology that is readily accessible and
practiced in compliance with cGMP for phase I/II trials because
we use (a) DNA plasmids, (b) electroporation using a
commercial device, (c) weekly addition of irradiated immortal-
ized aAPC feeder cells derived from K562 (which are available
for use in cGMP), and (d) addition of exogenous rhIL-2
purchased through pharmacy stores.
In conclusion, we report a new gene transfer approach for the

clinical application of T cells with redirected specificity for
desired antigens. It is anticipated that this approach will be of
interest not just for generating clinical grade T cells with
specificity for CD19, but for genetically modifying T cells to
express CAR with alternative specificities as well as for
introducing TCR transgenes. Most adoptive immunotherapy
trials that have shown therapeutic efficacy, e.g., to melanoma,
CMV, EBV, and adenoviral antigens, have all used an in vitro
antigen-driven proliferation step to propagate antigen-specific
T cells before infusion. We have now incorporated ex vivo
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CAR-dependent proliferation to derive genetically modified
T cells and will evaluate the CD19-specific T cells, using SB
transposition and aAPC, in a next-generation clinical trial.
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ENABLING TECHNOLOGIES

The hyperactive Sleeping Beauty transposase SB100X
improves the genetic modification of T cells to express
a chimeric antigen receptor

Z Jin1, S Maiti1, H Huls1, H Singh1, S Olivares1, L Mátés2, Z Izsvák2,3, Z Ivics2,3, DA Lee1, RE Champlin4

and LJN Cooper1

Sleeping Beauty (SB3) transposon and transposase constitute a DNA plasmid system used for therapeutic human cell genetic
engineering. Here we report a comparison of SB100X, a newly developed hyperactive SB transposase, to a previous generation
SB11 transposase to achieve stable expression of a CD19-specific chimeric antigen receptor (CAR3) in primary human T cells.
The electro-transfer of SB100X expressed from a DNA plasmid or as an introduced mRNA species had superior transposase
activity in T cells based on the measurement of excision circles released after transposition and emergence of CAR expression on
T cells selectively propagated upon CD19+ artificial antigen-presenting cells. Given that T cells modified with SB100X and SB11
integrate on average one copy of the CAR transposon in each T-cell genome, the improved transposition mediated by SB100X
apparently leads to an augmented founder effect of electroporated T cells with durable integration of CAR. In aggregate, SB100X
improves SB transposition in primary human T cells and can be titrated with an SB transposon plasmid to improve the
generation of CD19-specific CAR+ T cells.
Gene Therapy advance online publication, 31 March 2011; doi:10.1038/gt.2011.40

Keywords: chimeric antigen receptor; T cells; Sleeping Beauty; SB11; SB100X; CD19

INTRODUCTION

To overcome immune tolerance, T cells can be genetically modified to
express chimeric antigen receptors (CARs) to redirect specificity to
tumor-associated antigens, such as CD19 (ref. 1). These transgenes can
be introduced into T cells ex vivo using virus-based vectors and non-
viral systems. Viral-based vectors are widely used in research and clinical
trials as they provide stable transduction of target cells.2,3 However,
retroviruses’ non-random patterns of integration, at least in hemato-
poietic stem cells, could potentially activate/inactivate oncogenes/
tumor suppressor genes leading to deleterious autonomous T-cell
proliferation.4 Non-viral gene transfer systems based on transposable
elements are an alternative approach to transduction to introduce
desired transgenes into the genome.5,6 The Sleeping Beauty (SB)
transposon system, which integrates at TA dinucleotides apparently
randomly across the genome, can be adapted for genetic engineering
of T cells.7–9 This is a result of the stable and efficient integration of
an electro-transferred SB transposon by the enzymatic activity of an
SB transposase, which is typically introduced as a separate DNA
plasmid in trans from the DNA plasmid expressing the transposon.
SB11 is a hyperactive SB transposase reported to achieve about 100-
fold higher integration rates than those achieved by DNA plasmids
without transposase activity that use illegitimate recombination to
achieve integration.10 On the basis of the SB11 transposase, we are
undertaking gene therapy clinical trials (INDs no. 14193 and no.
14577) infusing CD19-specific T cells that have been electroporated to

introduce SB transposon and transposase to generate CAR+ T cells,
which can be selectively propagated on CD19+ artificial antigen-
presenting cells (aAPC3).11,12 Using this approach, clinically sufficient
numbers of T cells can be obtained within a few weeks after
electroporation of the SB DNA plasmids.

Improvements to the efficiency of transposition may augment our
ability to generate CAR+ T cells. Therefore, we investigated the
integration efficiency of a CD19-specific CAR transposon, designated
CD19RCD28, using a new mutant of SB transposase termed
SB100X,13 which had been systematically engineered to have increased
enzymatic activity in mammalian cells. Follow-up studies have vali-
dated the superiority of SB100X transposase activity in mouse
embryonic stem cells and human hematopoietic stem cells.5,14 In
preparation for a next-generation trial using the SB system, we
compare for the first time the ability of SB11 and SB100X to generate
CAR+ T cells from human peripheral blood mononuclear cells
(PBMC). Our data reveal that SB100X results in 10 to 100 times
more transposition events than SB11, as determined by the excision of
transposon from DNA plasmid, which resulted in three to four times
more efficient outgrowth of CD19-specific CAR+ T cells within 28 days
after electroporation, and with approximately one copy of CAR
transposon per T-cell genome. This apparent increase in enzymatic
activity of SB100X is highlighted by our ability to achieve superior
outgrowth of CAR+ T cells using just one-tenth the amount of DNA
plasmid coding for SB100X compared with SB11.
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RESULTS

Measuring SB transposition by quantifying excision circles
It has been reported that SB100X results in improved transposition in
mouse and human cells.14,18 Therefore, we determined the relative
ability of SB100X versus SB11 to mediate a transposition event by
quantitative-polymerase chain reaction (Q-PCR) adapted to measure
DNA fragments (excision circle)19 that are the expected by-product
produced when CAR transgene (transposon) integrates into the T-cell
genome, as schematically shown in Figure 1a. The DNA plasmids used
to introduce SB transposase in this study are shown in Figures 1b
and c.

SB100X transposase improves frequency of transposition
To assess directly the ability of SB100X to improve the frequency of
transposition compared with SB11 transposase, we serially measured
the formation of non-integrated excision circles (products) by real-
time Q-PCR after electroporation of T cells from PBMC. The transient
accumulation of excision circles represents the enzymatic activities of
the two SB transposases, whereas measurement of the electro-trans-
ferred SB transposon and subsequent expression of CD19RCD28 CAR

indicates the overall integration efficiency of the non-viral gene
transfer process. To account for variations in electro-transfer efficiency,
we normalized the excision circle data to the amount of DNA
transposon recovered after electroporation (excision circle to
CD19RCD28 ratio). This revealed the individual SB transposase’s
enzymatic activities and adjusted for possible difference in electro-
poration efficacy between different samples. Measurement of RPPH1,
a subunit of RNase P,20 which is present at one copy on chromosome
14q11.2, was used as internal control in real-time Q-PCR for both
quantification of excision circles and transposon DNA species. By
varying the relative amounts of DNA plasmids coding for the
transposases, SB100X reached peak activity at a concentration of
5mg per electroporation (Figure 2b). However, at 10mg per electro-
poration, SB100X resulted in significant loss of PBMC viability (data
not shown). This decrease in excision products when 10mg of SB100X
DNA plasmid was used per electroporation could be due to DNA
toxicity, although this was not observed with SB11, but is more likely
due to over-production inhibition. SB11 also showed maximal activity
at 5mg per electroporation (Figure 2a), but the amount of excision
circles produced was significantly less than that achieved with SB100X.

Episomal excision circle

Electro-transfered SB transposon

Integrated CAR transgene

SB100X transposase plasmid SB11 transposase plasmid 

pKan-CMV-SB11
4137 bp

SB11
transposase

SV40 polyA

CMV/p
Kan/p

Kan/R

ColE1

pKan-CMV-SB100X
4163 bp

Kan/R

SB100X

SV40 polyA

CMV/p

Kan/p

ColE1

CD19RCD28mZ (CoOp)/pSBSO
6521 bp

 

CD19RCD28mZ (CoOp)

Kan/R

BGH

Ex. circle forward primer

Ex. circle reverse
primer

Q-PCR probe

hEF-1alpha/p

Kan/p

CoIE1

IR

IR
Excision Circle

2275 bp

Kan/R

Ex. circle forward primer

Ex. circle reverse
primer

Q-PCR probe
Kan/p

CoIE1

IR CD19RCD28mZ(CoOP) IR

Figure 1 Schematic showing the formation of excision circles and integration of transgene using DNA plasmids from SB system. (a) The transgene

(transposon) to be integrated is flanked by two IR and mobilized from the CD19RCD28mZ(CoOp)/pSBSO plasmid by SB transposase. Upon SB transposition,

the CAR transposon (CD19RCD28) is inserted into the T-cell genome, whereas the non-integrated DNA forms an episomal excision circle.

The PCR to detect a released excision circle reveals a 77 base pair band, whereas the same primers bound to sites in the CD19RCD28mZ(CoOp)/pSBSO
plasmid are 4298 base pairs apart. (b) Schematic of DNA plasmids expressing SB11 transposase and (c) SB100X transposase. BGH, bovine growth

hormone polyadenylation signal sequence; CDS, coding sequence of gene; CMV/p, cytomegalovirus promoter; ColE1, colicin E1 (origin of replication);

hEF-1a/p, human elongation factor-1a hybrid promoter; IR, inverted repeats; Kan/R, kanamycin resistance gene; Kan/P, kanamycin resistance gene

promoter; SV40 poly A, Simian virus 40 polyadenylation signal sequence.
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Overall, SB100X was apparently 10 to 100 times more active compared
with SB11. As expected, the episomal excision circles are lost to
detection as the T cells propagate on the aAPC. To avoid the
possibility that the SB transposases could integrate, we assessed
whether improved transposition could also be achieved by mRNA
coding for SB100X. The two transposases were electro-transferred as

mRNA species along with a fixed amount of SB DNA transposon into
T cells pre-activated by crosslinking CD3 with the monoclonal anti-
body OKT3. We observed that the introduction of SB100X mRNA at
0.1mg per electroporation was as active as 10� the amount of SB11.
When SB100X mRNA was used at 0.25mg per electroporation, there
was a higher transposition activity compared with SB11 at 1mg per
electroporation (Figure 2c). These data indicate the superior activity
of SB100X in primary T cells whether this transposase is expressed
from electro-transferred DNA or mRNA.

Generation of CAR+ T cells by SB transposition
Primary human T cells from PBMCs were electro-transferred on day 0
of cell culture with SB transposon (CD19RCD28mZ(codon optimized
(CoOp))/pSBSO) and one of the two DNA plasmids, pKAN-CMV-
SB11 and pKAN-CMV-SB100X, coding for SB11 or SB100X, respec-
tively. The T cells were subsequently propagated for up to 28 days on
g-irradiated CD19+ aAPC, added every 7 days in the presence of
soluble recombinant interleukin-2 (IL-2) cytokine (Figure 3a). Our
approach to generating clinical-grade CAR+ T cells uses 5mg of
pKAN-CMV-SB11 along with 15mg of CD19RCD28mZ(CoOp)/
pSBSO in the electroporation of 2�107 PBMC per cuvette; therefore,
this was used as a starting point to assess the ability of SB100X to
improve the rate of transposition and subsequent outgrowth of CAR+ T
cells. However, when we electroporated T cells with the DNA
plasmid coding for SB100X at 5mg per electroporation with 15mg
per electroporation of the DNA plasmid coding for CAR transposon,
this accentuated cell death the day after electro-transfer, as shown by
Trypan blue staining and failure to propagate CAR+ T cells. However,
the electro-transfer of DNA plasmid coding for SB100X at decreased
amounts did not compromise cell viability as the genetically modified
T cells could be readily propagated on aAPC. Indeed, upon reducing
the concentration of the DNA plasmid coding for this transposase to
0.1 and 0.5mg per electroporation, SB100X successfully integrated the
transposon to support the outgrowth of CAR+ T cells. When using
10-fold less (0.5mg per electroporation) than the input concentration
of SB11 (5mg per electroporation), we calculate that SB100X was about
3.6 times more efficient than SB11 in generating CAR+ cells as assessed
at day 28 of co-culture with CD19+ aAPC (based on dividing the
number of CAR+ T cells associated with SB100X with the number of
CAR+ T cells associated SB11, in two independent experiments).
Indeed, even 0.1mg per electroporation of the DNA plasmid coding
for SB100X was almost as efficient as 5mg per electroporation of SB11
when the number of CAR+ T cells were counted at 28 days of tissue
culture (Figures 3b and c). Expression of the CAR on electroporated
and propagated T cells was documented by flow cytometry
(Figure 3d). Thus, transposition mediated by SB100X results in
improved outgrowth of CAR+ T cells.

CAR+ T cells can be generated using SB100X mRNA
As SB transposase coded by mRNA species was capable of accom-
plishing SB transposition, we determined if CAR+ T cells could be
selectively propagated on aAPC after electro-transfer of DNA plasmid
coding for CD19RCD28 and mRNA coding for SB100X or SB11.
We adapted our propagation method to generate CAR+ T cells
(Figure 4a), so that T cells were pre-activated with OKT3 to improve
uptake of and expression from mRNA. As shown in Figure 4b, 0.25mg
per electroporation of SB100X and 1mg per electroporation of SB11
successfully produced CAR+ T cells that could be propagated on
CD19+ aAPC. The superiority of the SB100X transposase to support
the outgrowth of CAR+ T cells was apparently not due to differences
in integrity of the mRNA (Figure 4c).

Figure 2 Evaluation of transposase activity by detecting excision-circle

formation after SB transposition event. Excision circle to CD19RCD28 ratio
is based on the amount of (a) SB11 and (b) SB100X transposase as

detected by Q-PCR at days 1 to 3 after electroporation. The DNA transposon

plasmid (CD19RCD28mZ(CoOp)/pSBSO) to express CD19RCD28 CAR was

used at 15mg per electroporation. (c) Excision circle to CD19RCD28 ratio

after electro-transfer of mRNA coding for SB100X and SB11, combined

with SB DNA transposon plasmid, on day 1 after electro-transfer.
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Figure 3 Selective outgrowth of CD19-specifc CAR+ T cells after transposition with SB100X versus SB11 transposases. (a) Schematic outlining co-culture
process to generate CD19-specifc CAR+ T cells. A total of 105 CAR+ T cells from PBMC were stimulated with g-irradiated CD19+ aAPC (clone no. 4) every

7 days at a 1:2 (CAR+ aAPC) ratio in the presence of soluble IL-2. (b) Kinetics of CAR+ T-cell numeric expansion by repetitive co-culture with CD19+ aAPC.

T cells were electroporated on day 0 with SB DNA plasmid transposon expressing CD19RCD28 and graded doses of DNA plasmids expressing SB100X

or SB11. (c) Fold change in the number of CAR+ T cells sampled at day 28 of co-culture on aAPC from two independent experiments. (d) Expression of CAR

(CD19RCD28) on CD3+ T cells by flow cytometry at day 28 of culture.
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Transposition using SB100X and SB11 result in comparable
number of integration events per T cell
Given that SB100X gives rise to a greater number of transposition
events compared with SB11, we investigated whether this enzyme
resulted in multiple integration events. To evaluate the number of
integration events per electroporated and propagated T cell, we
measured the copy number of CD19RCD28 transpose relative to the
copy number of RNase P gene by real-time Q-PCR. The calculated
transgene copy per T cell is 0.95±0.068 gene (mean±s.e.m.) for
0.5mg per electroporation SB100X and 0.80±0.033 (mean±s.e.m.)
for 5mg per electroporation SB11, respectively (Figure 5a). This
difference is not statistically significant (P¼0.185) when measured at
a time point when sufficient (clinical grade) CAR+ T cells are available
that can be harvested from cultures for adoptive immunotherapy.
These data revealed that the number of integrated copies of CAR is
approximately 1 per T-cell genome upon transposition with both
SB100X and SB11.

SB100X DNA cannot be detected in electroporated and propagated
T cells
To establish that SB100X or SB11 DNA is not present in propagated
T cells, we developed a Q-PCR assay to reveal integrated transposase
plasmid. Our data show that after 28 days of in vitro culture, the
SB100X transposase, as well as that of SB11, are absent in the cultured
cells (Figure 5b). The standard curves associated with this assay are in
the Supplementary Data.

CAR+ T cells generated by SB transposition with SB100X exhibit
redirected killing for CD19+ tumor cells
We have previously shown that CAR+ T cells genetically modified with
SB11 transposase specifically lyse B-cell tumor cells.8 The electroporated

and propagated T cells generated using SB100X transposase (using
0.1mg per electroporation) were evaluated for their ability to be
activated for effector functioning in a CAR-dependent manner.
We showed by chromium release assay that CAR+ T cells exhibited
redirected specific lysis of a genetically modified EL4 target expressing
92% human CD19 (Figure 6a). T cells not genetically modified, but
propagated by crosslinking CD3 using g-irradiated aAPC loaded with
OKT3 did not appreciably lyse CD19� EL4 cells (Figure 6b).

DISCUSSION

We and others have used transposon and transposase systems to
improve integration efficiency of DNA plasmids expressing immunor-
eceptors.8,9,17,21,22 Building upon these data, we have adapted the SB
system for human application11 to use the SB11 transposase to
integrate CAR into TA dinucleotide repeats across the genome of
populations of human T cells.

The development of SB100X raised the possibility that we could use
this new SB transposase to improve the integration frequency of CAR
transposon in T cells. We were able to show that SB100X had up to
100 times higher rates of transposition compared with SB11 based on
the release of excision circles. This is attributed to improved enzymatic
activity, but the improved transposition efficiency may also be due to
different translational efficiencies as well as post-translational mod-
ifications. The efficiency of transposition was dependent on the
amount of electro-transferred transposase, but an elevated input
concentration of SB100X led to cell death. The reasons for this toxicity
are not known, however, it is apparent that overexpression of
transposase can lead to inhibition of SB transposition.6,16 This high-
lights the need to titrate the input DNA plasmid concentrations
between the transposon and the transposase. By reducing the amount
of SB100X relative to SB11, we were able to show its superior activity.
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Figure 4 CAR+ T cells generated by electro-transfer of mRNA coding for SB transposases and DNA plasmid coding for CD19RCD28 CAR transposon.

(a) Schematic used to generate CAR+ T cells. (b) Expression of CAR on numerically expanded CD3+ T cells at day 42 of co-culture with aAPC. The SB100X

mRNA was used at 0.25mg per electroporation, whereas the SB11 mRNA concentration was at 1mg per electroporation. The DNA plasmid expressing
CD19RCD28 was used at 10mg per electroporation. (c) Integrity of mRNA species after in vitro transcription used to express SB11 and SB100X.
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The ability of SB100X to augment the selective propagation of
CAR+ T cells on CD19+ aAPC raised the possibility that this
transposase led to the insertion of multiple copies of the transposon
per cell. Indeed, multiple integrations have been observed after
SB100X-mediated transposition in other cells.6,13 However, this was
disproved when we found that on average, there was approximately
one copy of the CAR transgene per T cell, which was similar to the
integration efficiency associated with SB11. Our lower number of
integrants per genome compared with the published reports of
SB100X activity may be due to an intrinsic property of the T-cell
genome, genotoxicity leading to loss of viability of T cells carrying
multiple copies of the transposon, a reduced amount of SB100X DNA
plasmid electro-transferred, and/or a reflection of the selective pres-
sure provided by the aAPC to selectively propagate CAR+ T cells
bearing just one copy of the transposon.

That SB100X has intrinsically improved transposase activity is
revealed by the release and detection of more excision circles when
SB100X was used compared with SB11. Presumably, the release of
the excision circles from a population of electroporated T cells is
correlated with the stable integration of the CAR transgene, which is
measured per T cell. Thus, it appears that the superior enzymatic
activity of SB100X results in an improved efficiency of transposon
integration and a beneficial founder effect leading to the subsequent
improved outgrowth of CAR+ T cells upon in vitro propagation on
aAPC. This finding pertains to the safety of SB100X for, as with SB11,
it does not lead to multiple insertions of the CAR transgene when
T cells are electroporated and co-cultured on aAPC.

The increased enzymatic activity of SB100X was also evident when
we reduced the amount of transposase DNA plasmid needed to
accomplish the integration of CAR into T cells. Indeed, we could
achieve superior numeric expansion of CAR+ T cells on CD19+ aAPC
using 0.5mg per electroporation of SB100X compared with 10 times as
much DNA plasmid coding for SB11. This also has implications for
improved safety of SB system in human trials as a decrease in the
amount of SB transposase delivered by DNA plasmid presumably
decreases the chance of inadvertent integration of the transposase into
the genome and the potential for re-mobilization of the inserted
transposon. When we evaluated for the presence of integrated plasmid
expressing SB100X, we did not detect a signal by Q-PCR, which
curtails the possibility of a re-hopping event after SB-mediated
transposition. However, it is possible that DNA for SB transposase
was present in the genome at a level below the limit of detection by

Figure 6 Killing of tumor cells by genetically modified T cells. Lysis by

chromium release assay of CD19+ EL4 tumor cells compared with

CD19� parental EL4 cells by (a) T cells genetically modified with SB100X

and propagated on aAPC for 28 days. (b) CARneg T cells that were not

genetically modified were numerically expanded on OKT3-loaded aAPC and

these cells failed to lyse the EL4 targets.

Figure 5 Measurement of the number of copies of integrated CAR transgene

and detection of SB transposases. (a) Copy number of CAR transgene,
normalized to RNase P, at day 28 of co-culture on CD19+ aAPC after SB

transposition with SB100X or SB11. Q-PCR using CAR-specific primers

revealed CD19RCD28 copy numbers at 0.95 and 0.80 transgene per

T-cell genome after electro-transfer of 0.5mg DNA plasmid coding for

SB100X, and 5mg DNA plasmid coding for SB11, respectively. There was

no statistical difference between the copy number of integrated CAR trans-

genes. (b) Measurement by Q-PCR using transposase-specific primers at day

1 (day after electroporation) and at day 28 of co-culture of genetically

modified T cells on CD19+ aAPC. Transposon was added at 15mg per

electroporation along with graded doses of DNA plasmids coding for

SB100X and SB11 transposases.
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this assay. To exclude the possibility that SB100X can integrate into the
T-cell genome, we showed that electro-transfer of mRNA species
coding for this integrase could mediate transposition, and further
that the efficiency of integration was again higher than SB11. Pre-
viously, it has been shown that SB11 transposase coding by mRNA can
mediate transposition.23 Furthermore, viral vectors have been used to
deliver SB transposase to improve the pattern of integration of an
integrase-deficient lentivirus to achieve a more random pattern of
integration than can be achieved with lentiviral integrase.24,25

We are currently undertaking the first clinical applications of the SB
system, which has successfully received Investigational New Drug
Applications from the Food and Drug Administration, to electro-
transfer the SB11 transposase to express CD19RCD28 transposon in
autologous and allogeneic T cells for infusion in patients with B-lineage
lymphoma. With the development of SB100X, our data show that this
transposase may be a desirable alternative transposase to the use of
SB11 for use in future clinical trials to adoptively transfer CAR+ T cells.

MATERIALS AND METHODS
Plasmids
The SB transposon contains the CoOp second-generation CD19RCD28 CAR,

specific for human CD19, flanked by the SB inverted repeats. This CAR has

been described previously.15 In brief, the ampicillin resistance gene (AmpR) and

origin of replication from the plasmid CoOpCD19RCD28/pT-MNDU3 was

replaced with a DNA fragment encoding the kanamycin resistance gene (KanR)

and origin of replication (ColE1) from the pEK Vector.8 The human elongation

factor-1a promoter from pVitro4 vector (InvivoGen, San Diego, CA, USA)

was swapped with MNDU3 promoter to generate the DAN plasmid

CD19RCD28mZ(CoOp)/pSBSO (Figure 1a). The pKan-CMV-SB11 DNA plas-

mid (Figure 1b), coding for the SB11 transposase, was constructed by digesting

pCMV-SB11 (kindly provided by Dr Perry Hackett, University of Minnesota,

Minneapolis, MN, USA)16 with PvuII, harvesting the fragment coding for SB11

transposase and ligating to the AseI and PacI fragment, which contained the

KanR and ColE1 origin of replication from pEK vector. pKan-CMV-SB100X

(Figure 1c), coding for SB100X transposase, was built by digesting both the

pKan-CMV-SB11 plasmid and pCMV(CAT)T7-SB100X plasmid13 with AvaI

and PsiI, and then annealing the fragment coding for SB100X with the

backbone of pKan-CMV-SB11 plasmid. All DNA plasmids were purified using

Qiagen (Valencia, CA, USA) endotoxin-free reagents. The integrity of the DNA

plasmids coding SB100X and SB11 transposase was assessed by Experion

automatic electrophoresis station (Bio-Rad, Hercules, CA, USA).

Cells
After obtaining consent, PBMC from healthy donors were isolated by density

gradient centrifugation over Ficoll-Paque-Plus (Pharmacia Biotech, Piscataway,

NJ, USA) and stored in liquid nitrogen. K562 were transduced with lentivirus

to express CD64, CD86, CD137L and membrane-bound IL-15 and were cloned

(clone no. 4, kindly provided by Dr Carl June, University of Pennsylvania,

Philadelphia, PA, USA). The construction of CD19+ K562 aAPC was reported

previously.17 The parental murine immortalized EL4 T-cell line (catalog no.

TIB-39; ATCC, Manassas, VA, USA) and human CD19+ EL4 transfectants were

cultured in RPMI 1640 medium (Hyclone, Logan, UT, USA), supplemented

with 2 mM Glutamax-1 (Gibco-Invitrogen, Carlsbad, CA, USA) and 10% heat-

inactivated fetal calf serum (FCS).

Generation of CAR+ T cells by transposition with SB DNA plasmids
coding for CAR and transposases
On day 0, PBMCs were thawed at 37 1C, washed once with phenol-free RPMI

1640 and rested for 2 h at 37 1C. A total of 2�107 PBMC/cuvette were

resuspended in Human T Cell Nucleofector buffer (Lonza Inc., Basel, Switzer-

land) along with 15mg CD19RCD28mZ(CoOp)/pSBSO plasmid coding for

CD19RCD28 CAR and graded doses of DNA plasmids coding for SB100X or

SB11. After electroporation with Nucleofector II (Lonza Inc.) using program

U14, the cells were washed once with phenol-free RPMI 1640 and resuspended

in 1 ml of phenol-free RPMI 1640 (without FCS) and cultured in a 12-well

plate at 37 1C for 4 h. Then, 1 ml of phenol-free RPMI 1640 with 20% of FCS

was added. The next day, 3�105 cells were harvested for DNA extraction

and immunophenotyping. The remaining cells were stimulated by 1:2 (CAR+

T cells:aAPC) weekly additions of g-irradiated (100 Gy) CD19+ aAPC (clone

no. 4) for 28 days of continuous co-culture in RPMI 1640 supplemented with

2 mM Glutamax-1 and 10% heat-inactivated FCS. Recombinant human inter-

leukin 2 (50 IUml�1; Novartis Pharmaceuticals Corporation, East Hanover, NJ,

USA) was added every other day beginning at day 1.

In vitro transcription to generate mRNA coding for SB100X and
SB11
Twenty micrograms of the SB transposase plasmids were digested with SpeI and

purified with Qiaquick gel extraction kit (Qiagen) and the DNA concentration

was measured. Ten micrograms of the linearized plasmid DNA was used to

synthesize mRNA with T7 RiboMAX Express Large Scale RNA Production

System (Promega, Madison, WI, USA). A PolyA tail was added to the newly

synthesized mRNA molecule with Poly(A) Tailing Kit (Ambion, Austin, TX,

USA). After quantification, the mRNA was analyzed by gel electrophoresis,

aliquoted and stored in Nalgene cryogenic vials (Thermo Fisher Scientific,

Waltham, MA, USA) at �80 1C for future use.

Generation of CAR+ T cells by transposition with SB DNA plasmid
coding CAR and mRNA coding for transposases
PBMC were resuspended in RPMI 1640 with 5% heat-inactivated AB human

serum (Invitrogen) along with 50 ng ml�1 of OKT3 monoclonal antibody

(eBioscience, San Diego, CA, USA) and 50 U ml�1 of IL-2, which was re-added

to the culture every other day. After 5 days, 107 cells per cuvette were

electroporated using 10mg DNA plasmid (CD19RCD28mZ(CoOp)/pSBSO)

coding for CD19RCD28 and graded amounts of SB transposase mRNA. The

propagation of the T cells was achieved using 1:10 (CAR+ T cells to aAPC) ratio

of g-irradiated CD19+ aAPC for first 2 weeks and 1:2 ratio thereafter. aAPC

clone no. 4 were added every 7 days and IL-2 every other day beginning at day 1.

Flow cytometry
Cells were first incubated with 1:200 diluted APC-labeled goat anti-human

immunoglobulin G Fc (category (cat.) no. 12-0569-42; Jackson Immuno-

Research Laboratories Inc., West Grove, PA, USA), then washed once, and

finally incubated with 1:50 anti-CD3-FITC (cat. no. 349201; BD Biosciences,

Los Angeles, CA, USA) and 1:50 anti-CD56-PE (cat. no. 12-0569; eBiosciences).

After staining, all cells were resuspended in 100ml fluorescence-activated cell

Sorting buffer (2% FCS and 0.1% sodium azide in phosphate-buffered saline)

and live/dead cells were differentiated upon the addition of propidium iodide

(catalog no. P4864; Sigma-Aldrich, St Louis, MO, USA), and then analyzed

with flow cytometry (FACSCalibur; BD Biosciences).

Real-time Q-PCR
All of the primers, probes and TaqMan Gene Expression Master Mix were

purchased from Applied Biosystem (Foster City, CA, USA). The Q-PCR

reactions were performed in a Steponeplus Real-time PCR system (Applied

Biosystem) with TaqMan real-time Q-PCR technique as recommended. To

measure excision circles, the forward primer (5¢-TCCCAGTCACGACGTTG

TAAAA-3¢) and probe (5¢-CCAGTGAATTCGAGCTC-3¢) bound 5¢ of the CAR

cassette and the reverse primer (5¢-CGTTGGCCGATTCATTATCG-3¢) bound

3¢ of the CAR cassette in the SB transposon DNA plasmid CD19RCD28mZ

(CoOp)/pSBSO as illustrated in Figure 1a. A positive PCR reaction reveals a 77

base pair band that is generated only after the CAR transposon was excised. To

measure CD19RCD28 CAR, the primer sequences are as follows: forward

primer, 5¢-CAGCGACGGCAGCTTCTT-3¢; reverse primer, 5¢-TGCATCACG-

GAGCTAAA-3¢; and probe, 5¢-AGAGCCGGTGGCAGG-3¢. To measure SB

transposases, a common primer and probe set were designed to target the

plasmid backbone shared by pKan-CMV-SB100X and pKan-CMV-SB11. These

sequences are as follows: forward primer, 5¢-AAGGCCAGGAACCGTAAAAAG-3¢;
reverse primer, 5¢-GGCGGAGCCTATGGAAAAA-3¢; and probe, 5¢-CCGCGT

TGCTGGC-3¢. RNase P primer and probe set of TaqMan RNase P Control

Reagents Kit (cat. no. 4316844; Applied Biosystem) were used as Q-PCR

internal control.
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Analysis of Q-PCR results
An RNase P CT versus cell number standard curve (Curve A, Supplementary

Figure 1s 1a) was achieved by a serial dilution (200, 20 and 2 ng) of genomic

DNA from a genetically modified Jurkat T-cell clone bearing one copy of CAR

transgene based on Southern blotting (Maiti et al., in preparation). As one cell

has about 7 pg of DNA, 200 ng total DNA is equivalent to approximately 28 570

cells. CT represents the threshold circle where the Q-PCR was deemed positive.

With Curve A, we calculated the cell number from corresponding RNase P CT

value. In parallel, a CD19RCD28 transgene CT versus transgene number curve

(Curve B, Supplementary Figure 1s 1b) was generated to compute the number

of integrated transgenes. Twenty nanograms of sample genomic DNA from

genetically modified and propagated primary T cells could then be analyzed by

Q-PCR. The RNase P CT was used to calculate cell numbers with Curve A and

the integrated transgene copy number was deduced from transgene CT with

Curve B. The copy numbers per cell were calculated with the following formula:

Copy number per cell ¼ Tg N

Cell N

Tg N is the number of integrated transgenes and Cell N represents the cell

number deduced from RNase P CT. Quantification of excision circle was

achieved with comparative CT method provided by the Steponeplus real-time

PCR system (Applied Biosystem).

Chromium release assay
The redirected specificity of the genetically modified T cells was determined by

chromium release assay using 51Cr-labeled EL4 cells as targets. The T cells

(effectors) were harvested 28 days following stimulation with aAPC, washed

and plated in V-bottom microtiter plates (Costar, Cambridge, MA, USA) in

triplicate at 105, 5�104, 2.5�104, 1.25�104 cells per well and with 5�103 target

cells. After incubation at 37 1C for 4 h followed by centrifugation, 50ml aliquots

of cell-free supernatant were harvested and counted with Topcount NXT

(PerkinElmer, Waltham, MA, USA). The percent of specific cytolysis was

calculated from the release of 51Cr as follows:

ðExperimental 51CrÞ � ðControl 51CrÞ
ðMaximal 51CrÞ � ðControl 51CrÞ �100

Control wells contained target cells incubated in media. The maximal 51Cr was

determined by measuring the 51Cr content released by target cells lysed with 1%

Triton X-100.

Statistical analysis
The Student’s t-test was employed to determine statistical significance and

Po0.05 was considered significant. Where applicable, the data are reported as

an average and s.d. Electroporations were performed on two different donors

while Q-PCR reactions were carried out in triplicate.
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analysis of transposable element vector systems in human cells. Mol Ther 2010; 18:
1200–1209.

7 Huang X, Wilber AC, Bao L, Tuong D, Tolar J, Orchard PJ et al. Stable gene transfer and
expression in human primary T cells by the Sleeping Beauty transposon system. Blood
2006; 107: 483–491.

8 Singh H, Manuri PR, Olivares S, Dara N, Dawson MJ, Huls H et al. Redirecting
specificity of T-cell populations for CD19 using the Sleeping Beauty system. Cancer Res
2008; 68: 2961–2971.

9 Peng PD, Cohen CJ, Yang S, Hsu C, Jones S, Zhao Y et al. Efficient nonviral Sleeping
Beauty transposon-based TCR gene transfer to peripheral blood lymphocytes confers
antigen-specific antitumor reactivity. Gene Therapy 2009; 16: 1042–1049.

10 Geurts AM, Yang Y, Clark KJ, Liu G, Cui Z, Dupuy AJ et al. Gene transfer into
genomes of human cells by the Sleeping Beauty transposon system. Mol Ther 2003;
8: 108–117.

11 Williams DA. Sleeping Beauty vector system moves toward human trials in the United
States. Mol Ther 2008; 16: 1515–1516.

12 Hackett PB, Largaespada DA, Cooper LJ. A transposon and transposase system for
human application. Mol Ther 2010; 18: 674–683.

13 Mátés L, Chuah MK, Belay E, Jerchow B, Manoj N, Acosta-Sanchez A et al. Molecular
evolution of a novel hyperactive Sleeping Beauty transposase enables robust stable
gene transfer in vertebrates. Nat Genet 2009; 41: 753–761.

14 Xue X, Huang X, Nodland SE, Mátés L, Ma L, Izsvák Z et al. Stable gene transfer and
expression in cord blood-derived CD34+ hematopoietic stem and progenitor cells by a
hyperactive Sleeping Beauty transposon system. Blood 2009; 114: 1319–1330.

15 Kowolik CM, Topp MS, Gonzalez S, Pfeiffer T, Olivares S, Gonzalez N et al. CD28
costimulation provided through a CD19-specific chimeric antigen receptor enhances
in vivo persistence and antitumor efficacy of adoptively transferred T cells. Cancer Res
2006; 66: 10995–11004.

16 Geurts AM, Yang Y, Clark KJ, Liu G, Cui Z, Dupuy AJ et al. Gene transfer into
genomes of human cells by the Sleeping Beauty transposon system. Mol Ther 2003;
8: 108–117.

17 Manuri PV, Wilson MH, Maiti SN, Mi T, Singh H, Olivares S et al. piggyBac transposon/
transposase system to generate CD19-specific T cells for treatment of B-lineage
malignancies. Hum Gene Ther 2010; 21: 427–437.

18 Izsvák Z, Chuah MK, Vandendriessche T, Ivics Z. Efficient stable gene transfer
into human cells by the Sleeping Beauty transposon vectors. Methods 2009; 49:
287–297.

19 Liu G, Aronovich EL, Cui Z, Whitley CB, Hackett PB. Excision of Sleeping Beauty
transposons: parameters and applications to gene therapy. J Gene Med 2004; 6:
574–583.

20 Szilagyi A, Blasko B, Szilassy D, Fust G, Sasvari-Szekely M, Ronai Z. Real-time PCR
quantification of human complement C4A and C4B genes. BMC Genet 2006; 7: 1.

21 Nakazawa Y, Huye LE, Dotti G, Foster AE, Vera JF, Manuri PR et al. Optimization of the
PiggyBac transposon system for the sustained genetic modification of human
T lymphocytes. J Immunother 2009; 32: 826–836.

22 Huang X, Guo H, Kang J, Choi S, Zhou TC, Tammana S et al. Sleeping Beauty
transposon-mediated engineering of human primary T cells for therapy of CD19+
lymphoid malignancies. Mol Ther 2008; 16: 580–589.

23 Wilber A, Frandsen JL, Geurts JL, Largaespada DA, Hackett PB, McIvor RS. RNA as a
source of transposase for Sleeping Beauty-mediated gene insertion and expression in
somatic cells and tissues. Mol Ther 2006; 13: 625–630.

24 Staunstrup NH, Moldt B, Mátés L, Villesen P, Jakobsen M, Ivics Z et al. Hybrid
lentivirus-transposon vectors with a random integration profile in human cells. Mol Ther
2009; 17: 1205–1214.

25 Vink CA, Gaspar HB, Gabriel R, Schmidt M, McIvor RS, Thrasher AJ et al. Sleeping
beauty transposition from nonintegrating lentivirus. Mol Ther 2009; 17: 1197–1204.

Supplementary Information accompanies the paper on Gene Therapy website (http://www.nature.com/gt)

SB100X improves Sleeping Beauty transposition for CAR+ T cells
Z Jin et al

8

Gene Therapy



 
 

 2011;71:3516-3527. Published OnlineFirst May 15, 2011.Cancer Res
 
Harjeet Singh, Matthew J. Figliola, Margaret J. Dawson, et al.
 
Malignancies
Can Improve Adoptive Immunotherapy of B-Lineage 
Reprogramming CD19-Specific T Cells with IL-21 Signaling
 
 

 
 

Updated Version
 10.1158/0008-5472.CAN-10-3843doi:

Access the most recent version of this article at: 

Material
Supplementary

 html
http://cancerres.aacrjournals.org/content/suppl/2011/05/06/0008-5472.CAN-10-3843.DC1.
Access the most recent supplemental material at:

 
 

Cited Articles
 http://cancerres.aacrjournals.org/content/71/10/3516.full.html#ref-list-1

This article cites 49 articles, 26 of which you can access for free at:

 
 

E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

Subscriptions
Reprints and

.pubs@aacr.orgPublications Department at
To order reprints of this article or to subscribe to the journal, contact the AACR

Permissions
.permissions@aacr.orgDepartment at 

To request permission to re-use all or part of this article, contact the AACR Publications

 American Association for Cancer Research Copyright © 2011 
 on June 23, 2011cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst May 15, 2011; DOI:10.1158/0008-5472.CAN-10-3843



Microenvironment and Immunology

Reprogramming CD19-Specific T Cells with IL-21 Signaling
Can Improve Adoptive Immunotherapy of B-Lineage
Malignancies

Harjeet Singh1, Matthew J. Figliola1, Margaret J. Dawson1, Helen Huls1, Simon Olivares1,
Kirsten Switzer1, Tiejuan Mi1, Sourindra Maiti1, Partow Kebriaei2, Dean A. Lee1,3,
Richard E. Champlin2, and Laurence J.N. Cooper1,3

Abstract
Improving the therapeutic efficacy of T cells expressing a chimeric antigen receptor (CAR) represents an

important goal in efforts to control B-cell malignancies. Recently an intrinsic strategy has been developed to
modify the CAR itself to improve T-cell signaling. Here we report a second extrinsic approach based on altering
the culture milieu to numerically expand CARþ T cells with a desired phenotype, for the addition of interleukin
(IL)-21 to tissue culture improves CAR-dependent T-cell effector functions. We used electrotransfer of Sleeping
Beauty system to introduce a CAR transposon and selectively propagate CARþ T cells on CD19þ artificial
antigen-presenting cells (aAPC). When IL-21 was present, there was preferential numeric expansion of CD19-
specific T cells which lysed and produced IFN-g in response to CD19. Populations of these numerically expanded
CARþ T cells displayed an early memory surface phenotype characterized as CD62LþCD28þ and a transcrip-
tional profile of naïve T cells. In contrast, T cells propagated with only exogenous IL-2 tended to result in an
overgrowth of CD19-specific CD4þ T cells. Furthermore, adoptive transfer of CARþ T cells cultured with IL-21
exhibited improved control of CD19þ B-cell malignancy in mice. To provide coordinated signaling to propagate
CARþ T cells, we developed a novel mutein of IL-21 bound to the cell surface of aAPC that replaced the need for
soluble IL-21. Our findings show that IL-21 can provide an extrinsic reprogramming signal to generate desired
CARþ T cells for effective immunotherapy. Cancer Res; 71(10); 3516–27. �2011 AACR.

Introduction

Adoptive transfer of antigen-specific T cells has been used to
treat and prevent malignancies and opportunistic infections.
To overcome immune tolerance to human tumor-associated
antigens (TAA), investigators have redirected specificity
through the introduction of immunoreceptors. An initial
clinical trial showed the safety and feasibility of redirecting
T cell specificity to CD19, a TAA expressed on B-cell malig-
nancies (1–3). These clinical data demonstrated that infused
T cells were short lived due, in part, to the use of a first-
generation chimeric antigen receptor (CAR) that recognized
CD19 independent of MHC via chimeric CD3-z (signal 1). In

response, we developed a second-generation CD19-specific
CAR to activate T cells through both CD3-z and CD28 endo-
domains (signals 1 and 2, respectively) to improve T-cell activ-
ation (4). To translate this CAR to clinical trials, we established
a platform for nonviral gene transfer using the Sleeping Beauty
(SB) system and subsequent selective expansion of CARþ

T cells recursively cocultured upon CD19þ artificial antigen-
presenting cells (aAPC) modified from K562 to express CD19
and desired costimulatory molecules (5–7).

In addition to modifying the CAR itself to augment ther-
apeutic potential, we have nowmanipulated the tissue culture
environment to alter the types of CARþ T cells that can be
generated. We investigated whether cytokines could be added
to cultures to provide a "signal 3" to improve the CARþ T cells
response to B-cell malignancies.

One attractive cytokine to use in the culturing of T cells is
interleukin (IL)-21, which like IL-2, signals through the cyto-
kine receptor common g chain (IL-2Rg). This was selected to
be tested on the basis of the published work showing that this
cytokine increases tumor-specific T cells (8) and/or natural
killer (NK) cells (9, 10) leading to antitumor immunity in
animal models. Further, IL-21 provides a T-cell survival signal
and can act in conjunction with CD28 to support proliferation
and acquisition of effector functions (11). T cells genetically
modified to have enforced secretion of IL-21 exhibited
improved antitumor effect compared to T cells not modified
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to secrete cytokines (12). Recombinant soluble IL-21 has been
intravenously administered in patients with metastatic renal
cell carcinoma, melanoma, and lymphoma, and antitumor
activity has been observed (13). In contrast to IL-2, IL-21 also
inhibits generation of human regulatory T cells in vitro (14).
We hypothesized that altering the culture environment by

the addition of IL-21 will lead to improved numeric expansion
and functionality of CD19-specific CARþ T cells. When IL-21
was present with or on aAPC, we found there was a prefer-
ential numeric expansion of CARþ T cells with a preference to
propagate subpopulations of (i) CD8þ T cells, (ii) memory T
cells, and (iii) naïve T cells, which lysed and produced IFN-g in
response to CD19. This resulted in improved control of CD19þ

tumor in a mouse model of human T-cell immunotherapy.

Materials and Methods

Plasmids
The SB transposon CoOpCD19RCD28/pSBSO expresses the

human codon optimized (CoOp) second generation

CoOpCD19RCD28 CAR under human elongation factor 1-a
(hEF-1a) promoter, flanked by the SB inverted repeats (6).
To generate membrane-bound IL-21 (mIL-21), the GM-CSF
(granulocyte macrophage-colony-stimulating factor) signal
peptide sequence was directly fused to the coding sequence
of mature human IL-21 which was attached via a modified
[amino acid (aa) 108, Ser! Pro] 12 aa IgG4 hinge region (aa
99–110), to the 50 end of a human immunoglobulin g-4 chain
CH2 and CH3 regions (aa 111–327, UniProtKB P01861), that
was fused in frame to human CD4 transmembrane domain (aa
397–418, UniProtKB P01730). After validating the sequence,
the human codon optimized cDNA (GENEART) was cloned as
a transposon into a SB expression plasmid, pT-MNDU3-eGFP
(5) replacing the eGFP sequence to obtain CoOpIL-21-Fc/pT-
MNDU3 (Fig. 6A). The SB transposase, SB11 is expressed in cis
from the plasmid pCMV-SB11 (6).

Cell lines and their propagation
Daudi coexpressing b2-microglobulin (15; Daudib2m, a

kind gift from Dr Brian Rabinovich, University of Texas MD
Anderson Cancer Center (MDACC)), NALM-6 [pre–B cell;
ATCC (American Type Culture Collection)], U251T (glioblas-
toma; a kind gift from Dr Walder Debinksi, Wake Forest
University, NC), CD19þU251T [ref. 6; expressing truncated
CD19, ref. 16] were cultured as described previously (5, 6).
NALM-6 cells were transduced using a murine stem cell
virus–based retroviral vector encoding enhanced firefly luci-
ferase (effLuc; ref. 17) fused with enhanced green fluorescent
protein (EGFP; a kind gift from Dr Brian Rabinovich, MDACC).
Retrovirus was packaged as previously described (17), concen-
trated 50� using Amicon Ultra-15 100,000 NMWL centrifugal
concentration units (Millipore), mixed with NALM-6 cells
in the presence of 8 mg/mL polybrene (Sigma) and spin-
fected for 90 minutes at 2200 RPM/30�C. One week later,
EGFPþNALM-6 cells were sorted on a FACSAria (BD Bios-
ciences). Selective in vitro expansion of genetically modified
T cells was carried out using K562-derived aAPC (clone no. 4)
coexpressing CD19, CD64, CD86, CD137L, and a membrane-

bound IL-15 (mIL-15; coexpressed with EGFP; ref. 15). Clone
no. 4 was further modified to express mIL-21 using the con-
struct CoOpIL-21-Fc/pT-MNDU3. Briefly, 106 aAPC were resus-
pended in 100 mL Amaxa Cell Line Nucleofector Solution V
(catalogue no. VPA-1003) along with transposon (CoOpIL-21-
Fc/pT-MNDU3, 2 mg) and SB transposase (pCMV-SB11, 2 mg)
DNA supercoiled plasmids, transferred to a cuvette and elec-
troporated (Program T-16) using Nucleofector II (Lonza). The
transfectants were cultured for a week in complete media and
a clone (D2) was obtained by plating at limited dilution after
FACS (fluorescence-activated cell sorter) sorting. All cell lines
were verified by morphology and/or flow cytometry, tested for
Mycoplasma, and conserved in research cell bank on reception.

Generation of CARþ T cells
CD19-specific CARþ T cells were generated from peripheral

blood mononuclear cells (PBMC) using SB transposition as
previously described and depicted in Figure 1 (5). Briefly, 107

to 2 � 107 mononuclear cells, isolated from blood by Ficoll-
Paque density gradient centrifugation (GE Healthcare Bio-
Sciences AB), were resuspended in 100 mL of Amaxa Nucleo-
fector solution (Human T cell Kit, catalogue no. VPA-1002),
along with CAR transposon (CD19RCD28/pSBSO, 15 mg) and
SB transposase (pCMV-SB11, 5 mg) DNA plasmids, transferred
to a single cuvette and electroporated (Program U-14) on day 0
using Nucleofector II. The cells were rested for 2 to 3 hours at
37�C in incomplete phenol-free RPMI (HyClone) and subse-
quently cultured overnight in phenol-free RPMI containing
10% FBS and stimulated the next day (day 1) with g-irradiated
(100 Gy) K562-aAPC at a 1:2 T cell/aAPC ratio. Additional
g-irradiated aAPC clone no. 4 were added every 7 days at the
same ratio. When used, soluble recombinant human IL-21
(catalogue no. 34-8219-85, eBioscience) was added at a con-
centration of 30 ng/mL beginning the day after electropora-
tion, and soluble recombinant human IL-2 (IL-2; Chiron) was
added to the cultures at 50 U/mL beginning 7 days after
electroporation. For experiments where CARþ T cells were
cocultured on mIL-21þ K562-aAPC (T cell/aAPC clone D2
ratio 1:2), IL-2 (50 U/mL) was added to the cultures on day 7
after electroporation. All exogenous cytokines continued to be
supplemented on a Monday-Wednesday-Friday schedule for
7-day stimulation cycles marked by the addition of aAPC. The
cultures were monitored by flow cytometry for the unwanted
presence of a CD3negCD56þ cell population and if the percen-
tage exceeded approximately 10% of the total population,
which usually occurred between 10 and 14 days of initial
coculture with aAPC, a depletion for (CD3neg) CD56þ NK cells
was carried out using CD56 beads (catalogue no. 130-050-401,
Miltenyi Biotech Inc.) on LS column (catalogue no. 130-042-
401, Miltenyi Biotech Inc.) according to the manufacturer's
instructions. T cells were enumerated every 7 days and viable
cells counted based on Trypan blue exclusion using Cell-
ometer automated cell counter (Auto T4 Cell Counter, Nex-
celom Bioscience). At the time of electroporation and during
the course of coculture, programs "PBMC_human_frozen" and
"activated T cell," respectively, were used for counting cells on
the Cellometer. The fold expansion (as compared to day 1) of
total, CD3þ, and CARþ cells at the end of 7, 14, 28 days of
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coculture for individual experiments was calculated and the
average compared between culture conditions using a
Student's t test.

Flow cytometry
Up to 106 cells in 100 mL volume were stained with fluor-

ochrome-conjugated [fluorescein isothiocyanate (FITC), phy-
coerythrin (PE), peridinin chlorophyll protein conjugated to
cyanine dye (PerCPCy5.5), allophycocyanin (APC)] reagents
which unless otherwise stated, were obtained from BD Bios-
ciences: anti–CD3 FITC (catalogue no. 349201, 5 mL), anti–CD3
PerCPCy5.5 (catalogue no. 340949, 4 mL), anti–CD4 APC (cat-
alogue no. 555349, 2.5 mL), anti–CD8 PerCPCy5.5 (catalogue no.
341051, 4mL), anti–CD19PE (catalogue no. 555413, 10mL), anti–
CD28PerCPCy5.5 (catalogueno. 337181, 4mL), anti–CD62LAPC
(catalogue no. 559772, 2.5 mL), anti–CD45RA FITC (catalogue
no. 555488, 5 mL), anti–CD45RO APC (catalogue no. 559865,
2.5 mL), anti–IL7Ra Alexa Fluor 647 (catalog no. 558598, 10 mL),
anti–PD1 APC (catalogue no. 558694, 2.5 mL), anti–PDL1 PE
(catalogue no. 557924, 2.5 mL), anti–NKG2D PE (catalogue no.
557940, 2.5 mL), anti–Granzyme B Alexa Fluor 647
(catalogue no. 560212, 3 mL), anti–Perforin PE (Reagent Set
no. 556437, 3 mL), anti–HLA (human leukocyte antigen)-ABC
APC (catalogue no. 555555, 2.5mL), anti–CD86PE (catalogue no.
555658, 2.5 mL), anti–CD64 PE (catalogue no. 558592, 2.5 mL),
anti–CD137L PE (catalogue no. 559446, 2.5 mL), anti–IFN-g APC
(catalogueno. 554702, 2mL), anti-pSTAT3 (pY705)PE (catalogue
no. 612569, 20 mL), anti–IL-21 PE (catalogue no. 12 7219-73, 2.5
mL, eBiosciences), anti–CCR7PE (catalogue no. FAB197P, 10mL,
R&D Systems) and anti–CXCR4 PE (catalogue no. FAB173P,
10mL, R&D Systems). FITC-conjugated (catalogue no. H10101C,
3 mL, Invitrogen) and PE-conjugated (catalogue no. H10104, 2.5
mL, Invitrogen) F(ab0)2 fragment of goat anti-human Fcg was

used to detect cell surface expression of the CD19-specific CAR.
Blocking of nonspecific antibody binding was achieved using
FACSwash buffer (2% FBS and 0.1% Sodium azide in PBS). Data
acquisition was on a FACSCalibur (BD Biosciences) using
CellQuest version 3.3 (BD Biosciences). Analyses and calcula-
tion of median fluorescence intensity (MFI) was undertaken
using FCS Express version 3.00.007 (Thornhill).

Chromium release assay
The cytolytic activity of T cells was determined in a stan-

dard 4-hour chromium release assay (CRA) as described
previously (5, 18).

Intracellular IFN-g production
105 T cells were incubated with 0.5 � 106 stimulator cells in

200 mL culture media along with protein transport inhibitor
(BD Golgi Plug containing Brefeldin A, catalogue no. 555028)
in a round-bottom, 96-well plate. Following a 4 to 6 hour
incubation at 37�C, the cells were stained for expression of
CAR at 4�C for 30 minutes. After washing, the cells were fixed,
permeabilized (for 20 minutes at 4�C with 100 mL of Cytofix/
Cytoperm Buffer, catalogue no. 555028) and stained with APC-
conjugated monoclonal antibody (mAb) specific for IFN-g .
Cells were further washed and analyzed by FACSCalibur. T
cells treated with a leukocyte activation cocktail [PMA (phor-
bol 12 myristate 13 acetate) and ionomycin, catalogue no.
550583, BD Biosciences] were used as a positive control.

Induction of STAT3 phosphorylation
106 CARþ T cells were incubated with and without aAPC for

30 minutes at 37�C in a V-bottom 96-well plate. The cells
were then fixed with 20 excess volumes of 37�C pre-warmed
1 � PhosFlow Lyse/Fix Buffer (catalogue no. 558049, BD

Antigen-dependent proliferation of
CAR+ T cells

Peripheral blood 
mononuclear cells  

Transposon/Transposase

Stably-transfected T cells

Analysis

K562-aAPC (clone#4)

mIL-21+ K562-aAPC (clone#D2)

IL-21 (30ng/mL) and/ or

 IL-2 (50U/mL)

IL-2 (50U/mL)

Electroporation with
Sleeping Beauty Plasmids

using Nucleofection
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Figure 1. Generation of CARþ T cells on g-irradiated aAPC. PBMC were electroporated with SB transposon and transposase. Cells were subsequently cocultured
on K562-derived aAPC [modified to coexpress CD19, CD64,CD86,CD137L (4-1BBL), mIL-15,with andwithout mIL-21] in the presence of soluble IL-21 and/or IL-2.
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Biosciences) diluted in water at 37�C for 10 minutes to prevent
dephosphorylation. Thereafter, pelleted cells were permeabi-
lized by adding BD PhosFlow Perm Buffer III (catalogue no.
55850, BD Biosciences) for 20 minutes on ice, followed by
washing with BD Pharmingen Staining Buffer (catalogue no.
554656). Resuspended cells were then stained with antibodies
for pSTAT3, CD3, and CAR for 20 minutes in the dark, washed
once with BD Pharmingen Staining Buffer, and resuspended in
the same buffer for flow cytometry analysis.

nCounter analysis digital gene expression system
Genetically modified T cells (10,000) were lysed in RNeasy

lysis buffer (RLT; 5 mL, Qiagen) and frozen for single-use
aliquots at �80�C. Lysates were thawed and the selected
mRNA content analyzed using the nCounter Analysis System
(model no. NCT-SYST-120, NanoString Technologies; ref. 19)
after hybridization with a designer reporter code set and
capture probe set for 12 hours at 65�C. The probes were
designed, synthesized, and hybridized using the nCounter
Gene Expression Assay Kit. The posthybridization processing
was undertaken using the nCounter Prep Station. Nanominer
software was used to carry out normalization compared to
internal control and basic statistical analysis on the data. The
normalized results are expressed as the relative mRNA level.

In vivo efficacy of CARþ T cells
On day 0, 7-week-old NOD.Cg-PrkdcscidIl2rgtm1wjl/SzJ (NSG)

mice were intravenously (i.v.) injected via a tail vein with 105

EGFPþeffLucþ NALM-6 cells. Mice (n ¼ 5/group) in the 2
treatment cohorts received via tail vein injection (on days 1 and
9) 2� 107 of CARþTcells grown in the presence of IL-2 orCARþ

T cells grown in the presence of IL-2 and IL-21. One group of
mice (n ¼ 5) bearing tumor received no T cells. Anesthetized
mice underwent bioluminescent imaging (BLI) in an anterior–
posterior position using a Xenogen IVIS 100 series system
(Caliper Life Sciences) 10minutes after subcutaneous injection
(at neck and shoulder) of 150 mL (200 mg/mouse) freshly
thawed aqueous solution of D-Luciferin potassium salt (Caliper
Life Sciences) as previously described (20). Photons emitted
from NALM-6 xenografts were serially quantified using the
Living Image 2.50.1 (Caliper Life Sciences) program. At the end
of the experiment,micewere euthanized and tissues harvested.
Bone marrow was flushed from the femurs using 30Gx1/2inch
needles (BD, catalogue no. 305106) with 2% FBS in PBS. Spleens
were disrupted using a syringe in 2% FBS/PBS and passed
through a 40 mm nylon cell strainer (BD, catalogue no. 352340)
to obtain single cell suspension. Red blood cells from bone
marrow, spleen, and peripheral blood were lysed using ACK
lysing buffer (Gibco-Invitrogen, A10492) and remaining cells
stained for presence of tumor (CD19 and EGFP) by flow
cytometry. Statistical analysis of photon flux and tumor burden
was accomplished using Student's t test.

Results

Propagation of CARþ T cells with IL-21
A master cell-bank of clinical-grade K562-derived aAPC,

designated clone no. 4, has been generated through the Pro-

duction Assistance for Cellular Therapies (PACT) to propagate
CD19-specific CARþ T cells to clinically sufficient numbers.
These g-irradiated aAPC selectively propagate CARþ T cells
after the electrotransfer of SB plasmids coding for
CD19RCD28 CAR (5). To investigate extrinsic factors that
might improve the therapeutic potential of CARþ T cells, a
role for IL-21 was examined in the culturing process on aAPC.
We added this soluble cytokine, in addition to soluble IL-2
and mIL-15 on aAPC, and showed selective expansion of
CARþ T cells (Fig. 2A). This resulted in a greater number of
CD3þ and CARþ T cells at 28 days of coculture on clone no. 4
(P < 0.05) compared with T cells receiving IL-2 alone, with
differences between the 2 groups already apparent within
2 weeks after electroporation (Fig. 2B and C). Indeed, the
average fold expansion of CARþ T cells at 7 (2.75 � 1.1 fold,
n¼ 7) and 14 (39.2� 36.2 fold, n¼ 7) days after electroporation
were significantly higher (P < 0.05) compared to T cells that
only received IL-2 (day 7, 0.29 � 0.3 fold, n ¼ 4; day 14, 0.49 �
0.36 fold, n¼ 4). After 4 weeks of coculture on aAPC, the group
that received IL-21 had an average 19,800� 11,313 (n¼ 7) fold
expansion of CD3þ T cells and there was a 35,800� 23,285 (n¼
7) fold expansion of CARþ T cells. In contrast, T cells that only
received IL-2 had an average CD3þ fold expansion of 2,280 �
4,227 (n¼ 4) and CARþ T cells expanded by an average of 2,680
� 4,919 (n¼ 4) fold. The average total cell numbers at 7 (4.1�
107 vs. 4.7 � 106) and 14 (3.1 � 108 vs. 2.7 � 107) days after
electroporation were significantly higher (P < 0.05) in cultures
receiving IL-21, as compared to cultures receiving only IL-2,
which was due to an increased average number of average
CD3þ T cells (day 7, 4.1� 107 vs. 3.0� 106; day 14, 3.5� 108 vs.
2.4 � 107; P < 0.05). These data suggest the addition of soluble
recombinant IL-21 to the culture environment augments the
propagation of CD3þCARþ T cells on aAPC clone no. 4.

IL-21 results in qualitative differences in CARþ T cells
CARþ T cells cultured only in the presence of IL-2 pro-

duced low amounts of IFN-g in response to CAR binding
CD19 and expressed low levels of granzyme B. Expression of
this cytokine and granzyme is associated with improved
antitumor activity, therefore we investigated whether the
presence of IL-21 could augment expression of these factors
as T cells were propagated on aAPC. We measured mRNA
levels using the nCounter Analysis System and IFN-g and
Granzyme B were found to be significantly elevated in
populations of T cells receiving IL-21 (Fig. 3A). At day 28
of culture, we observed a 3-fold increase in IFN-g (313 vs.
100) and 40-fold increase in granzyme B (4,458 vs. 110)
mRNA transcript levels in T cells grown in IL-2 and IL-21,
as compared to those grown in soluble IL-2. We demon-
strated a significant increase in granzyme B protein levels
(mean 89.5% vs. 17%) and CD19-dependent IFN-g produc-
tion (mean 55% vs. 0.1%) in the CARþ T cells receiving IL-21,
as compared to those grown in soluble IL-2 (Fig. 3B). Thus,
the mRNA measurements are consistent with the phenotype
data showing an increase in expression of IFN-g and gran-
zyme B after coculture of CARþ T cells with IL-2 and IL-21.
We have previously generated CD19RCD28þ T cells on
CD19þ aAPC in the presence of soluble IL-2 which tended

Reprogramming CARþ T Cells with IL-21

www.aacrjournals.org Cancer Res; 71(10) May 15, 2011 3519

 American Association for Cancer Research Copyright © 2011 
 on June 23, 2011cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst May 15, 2011; DOI:10.1158/0008-5472.CAN-10-3843



to result in a preferential outgrowth of CARþ T cells with a
predominance of CD4þ T cells (5). Recognizing that CD8þ T
cells contribute to antitumor immunity, we sought a method
to improve the outgrowth of CD8þCARþ T cells on aAPC. IL-
21 has been shown to help propagate CD8þ effector T cells
(21), therefore the genetically modified T cells were cocul-
tured with aAPC in the presence of exogenous IL-21 and IL-2
for 28 days which resulted in a trend toward improved
outgrowth of CD8þCARþ compared with CD4þCARþ T cells.
Day 28 was selected as an endpoint for tissue culture and
subsequent analyses since over this time period CARþ T cells
expand to numbers sufficient for clinical translation (Fig. 2).
The T cells receiving IL-21 had 1.8-fold higher number of
average CD8þ T cells (24.2 � 25.3) compared to the T cells
receiving just IL-2 (13.4 � 0.9) at day 28 of coculture
(Fig. 3D). At the time of analysis, there was increased
CAR expression on the T cells exposed to IL-21 compared
to T cells cultured with only IL-2 (mean 90% � 7.5 vs. 66% �
7; P < 0.01) which indicates that manipulating the cytokine
milieu can improve the outgrowth of T cells with increased
expression of CAR (Fig. 3C). In aggregate, the addition of IL-
21 compared to culturing only with IL-2, results in T cells

containing subpopulations that have improved effector
function, a trend toward CD8þ phenotype, and augmented
CAR expression.

IL-21 results in propagation of subpopulations of CARþ

T cells with memory and naïve phenotypes
T cells propagated over a prolonged time in tissue culture

tend to mature to a differentiated phenotype which may
compromise their therapeutic potential. To determine if IL-
21 can curtail this differentiation of geneticallymodifiedT cells,
we examined the expression of (i) eomesodermin (EOMES)
which controls cytolytic development and function of T cells,
and has recently been shown to be reduced in naïve-derived
effector cells (22–24) and (ii) killer cell lectin-like receptor
subfamily G, member 1 (KLRG1), an inhibitory receptor that is
expressed by senescent T cells (25, 26). At day 28, the T cells
cultured only with IL-2 had increased levels of mRNA species
coding for EOMES and KLRG1 showing that this cytokine
promoted differentiation of CARþ T cells on aAPC. However,
when IL-21 was added there was a 7-fold and 54-fold reduction
in EOMES and KLRG1, respectively (Fig. 3A). To expand on the
mRNA data, we examined the cell surface expression for flow
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cytometrymarkers of naïve,memory, anddifferentiatedT cells.
A naïve phenotype was defined by the presence of CD62L and
CD45RA, whereas a central memory (TCM) phenotype can be
defined by the expression of CD28, CD62L, CCR7, and CD45RO
on T cells (27–29). Differentiated effector cells typically lose
expression of these markers upon prolonged culturing, and
exhausted cells upregulate expression of PD-1 and PDL-1 (30).
CARþ T cells grown in the presence of IL-2 and IL-21 exhibited
markers consistent with both naïve and memory cells and
lacked expression of PD-1/PDL-1 (Fig. 4A). In addition, the lack
of (2%) CD57 expression supports absence of exhaustion
among the CARþ T cells (31). At day 28 of culture, the CARþ

T cells expressed CD28 (mean 69%, range: 22%–88%), CCR7
(mean 16%, range: 0.9%–60.5%), CD62L (mean 50%, range:
22%–75%), CD45RO (93%, range: 84%–98%), and IL7Ra (mean
26%, range: 9%–37%). Among the CARþ cells were T cells with a
TCM phenotype exemplified by the coexpression of
CD28þCD62Lþ (34%, range: 11%–59%), CD28þCCR7þ (mean
18%, range: 0.8%–56.5%), CD62Lþ,CCR7þ (10%, range: 0.5%–
48%), CD45ROþCD45RAþ (mean 19%, range: 2%–63%). In
summary, the addition of IL-21 supports the numeric expan-
sion of CARþ T cells on aAPC that contain memory and naïve
subpopulations.

Redirected specificity of CARþ T cells numerically
expanded with IL-21
T cells expressing CAR and propagated in the presence of

IL-2 and IL-21 were able to specifically lyse CD19þ tumor
targets (Fig. 4B). At an effector:target ratio of 5:1, the CARþ T

cells could lyse an average 51% (range: 32%–66%) of CD19þ

Daudib2m cells and an average 38% (range: 25%–60%) of
CD19þ NALM-6. The Daudi cells used as targets were geneti-
cally modified to express b2 microglobulin and thus re-express
classical HLA class I (Supplementary Fig. 1) to decrease
unwanted killing by contaminating NK or lymphokine-acti-
vated killer cells. Specificity for CD19 was shown by a 4.5-fold
(range: 1.3–12.6) increased killing of genetically modified
CD19þ U251T (glioma) targets as compared to parental
CD19neg U251T targets at an effector:target ratio of 5:1. We
further assessed the function of CARþ T cells by evaluating
their ability to produce IFN-g in response to CD19 (Fig. 4C).
When CARþ T cells were stimulated with CD19þ Daudib2m
cells there was an average 29.6-fold (range: 4.6–114.9) increase
in IFN-g production. The specificity for production of CD19
was shown by a 12.6-fold (range: 3.2–45.5) increase in IFN-g
production by CARþ T cells when cocultured with CD19þ

U251T cells in comparison to CD19neg U251T cells. These data
show that CARþ T cells cultured in the presence of IL-21
exhibit CD19-dependent redirected effector functions.

Efficacy of CARþ T cells propagated on aAPC to treat B-
lineage malignancy

We investigated whether CARþ T cells numerically
expanded in the presence of IL-2 and IL-21 were able to show
an improved antitumor effect compared with CARþ T cells
cultured with only IL-2. Mice injected with NALM-6 were
longitudinally measured by BLI for tumor-associated effLuc
activity. We observed that CARþ T cells grown in the presence
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of IL-2 and IL-21 were more effective in controlling tumor
growth as compared to CARþ T cells grown in the presence of
IL-2 (day 8, P < 0.01; day 13, P < 0.05; day 17, P < 0.05) and as
compared to mice that did not receive T cells (days 8, 13, 17,
P < 0.01; Fig. 5A and B). Groups of mice receiving no T cells or
CARþ T cells grown in the presence of IL-2 showed similar
rates of tumor growth (day 8, P ¼ 0.11; day 13, P ¼ 0.2; day 17,
P ¼ 0.07). Tissues from mice were assessed for EGFPþCD19þ

NALM-6 and consistent with the BLI data, we observed that
the tumor burden was significantly reduced in mice receiving
CARþ T cells grown in the presence of IL-2 and IL-21, as
compared to mice receiving no T cells or CARþ T cells grown
in the presence of IL-2 (Fig. 5C and D). The presence of NALM-
6 blasts in peripheral blood was lower in the IL-2 and IL-21 (1.8
� 0.92, mean � SD) group as compared to mice that received
CARþ T cells cultured with IL-2 (20.4 � 20.3, P < 0.05) or no T
cells (3.8� 0.6, P < 0.01). There was also a significant reduction
in average tumor burden in the bone marrow after adminis-
tration of T cells that were cultured with IL-2 and IL-21 group

(48.5 � 4.2) as compared to IL-2 group (86.6 � 7.8, P <
0.00001) or no T-cell group (86.6 � 7.9, P < 0.001). The
difference in average splenic tumor burden was more appar-
ent (P < 0.0001) comparing mice that received CARþ T cells
cultured with IL-2 and IL-21 (30.9 � 18.8) vs. mice that were
infused with CARþ cells cultured with IL-2 (88.3 � 4).
The tumor burden was similar in the blood (P ¼ 0.07) and
bone marrow (P ¼ 0.49) between the mice that received no T
cells and mice that received CARþ T cells cultured with IL-2.
Thus, these in vivo data confirm that CD19-specific CARþ cells
propagated on aAPC in presence of IL-2 and IL-21 are superior
in controlling tumor growth.

A membrane-bound mutein of IL-21 can replace soluble
recombinant IL-21

Signaling through 2nd generation CAR and cytokine recep-
tor(s) occurs in the tissue culture environment enabling
aAPC to selectively propagate T cells that receive signals
1, 2, and 3. To improve the coordination between these sig-
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nals, we altered the aAPC to not only provide the CD19 anti-
gen and associated costimulatory molecules, but to express
a novel mutein of membrane-bound of IL-21 (Fig. 6A). This
enabled us to test the hypothesis that expressing IL-21 on
the cell surface of the aAPC could replace the need for
providing IL-21 as a soluble recombinant cytokine. To ac-
complish this, the aAPC clone no. 4 were electroporated with
the SB plasmid CoOpIL-21-Fc/pT-MNDU3 and a subclone
(D2) was selected based on uniform expression of mIL-21
and the other introduced cell surface markers (Fig. 6B).
PBMC electroporated with SB system to express CD19R-
CD28 and propagated on g-irradiated mIL-21þ aAPC in the
absence of soluble IL-21, but in the presence of soluble IL-2
resulted in an outgrowth of CARþ T cells (Fig. 7A). The CAR
expression (81% vs. 79%) was similar to when T cells were
grown in the presence of exogenous IL-21 or with aAPC ex-
pressing mIL-21. The average fold expansion at the end of

28 days of coculture as assessed by expression of CD3
(11,700; P ¼ 0.27, not significant, NS) and CAR (14,000; P
¼ 0.17, NS) on T cells numerically expanded with mIL-21þ

aAPC was similar to the T cells propagated with soluble IL-
21 (Fig. 7B). The CARþ T cells numerically expanded on mIL-
21þ aAPC showed specific lysis of CD19þ target cells and a
13-fold increase in IFN-g production when cells were sti-
mulated with CD19þ U251T targets over control CD19ne-
gU251T cells (Fig. 7D). To examine if mIL-21 can directly
activate T cells, we evaluated the phosphorylation status of
STAT3. CARþ T cells that were propagated for 28 days with
IL-2 plus mIL-21neg aAPC (clone no. 4) and IL-2 plus mIL-21þ

aAPC (clone no. D2), were stimulated for 30 minutes on
aAPC with (clone no. D2) or without mIL-21 (clone no. 4). T
cells cultured with IL-2 and soluble IL-21 stimulated with
aAPC (clone no. 4) along with soluble IL-21 were used as
positive controls. CARþ T cells cultured on mIL-21þ aAPC in
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the presence of IL-2 when stimulated with mIL-21þ aAPC
resulted in an increase in MFI of pSTAT3 (27.1), over the
unstimulated control T cells (11.6), or when stimulated with
aAPC lacking mIL-21 (13.2; Fig. 7C). When CARþ T cells
which had been propagated on aAPC (clone no. 4) in the
presence of IL-2 (and had not seen IL-21 in any form) were
exposed to mIL-21þ aAPC, there was a similar increase in
MFI of pSTAT3 (25.2) compared to the controls (unstimu-
lated, 11.1; aAPC lacking mIL-21, 14.3). These data show that
mIL-21 on aAPC is functional and capable of activating T
cells through the STAT3 pathway. In aggregate, these data
suggest that mIL-21þ aAPC can replace soluble recombinant

IL-21 to selectively propagate CARþ T cells with redirected
specificity.

Discussion

The tissue culture environment can be modified to play a
critical role in the growth and function of T cells propagated
in vitro. In the current study, we show that the addition of IL-21
to the culture milieu in soluble form or presented in conjunc-
tionwith antigenon aAPC results in improved effector function
and preservation of naïve/memory phenotype of CARþ T cells
which predicts for improved therapeutic effect in clinical trials.
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Initial (first generation) CARs commonly link a scFv to a
single signalingmoiety (e.g., CD3-z) and these typically showed
a lack of sustained persistence in vivo (2). Therefore, the CAR
design was modified to add one or more costimulatory signal-
ing domains of CD28 (4), 4-1BB (32, 33), OX40 (34) to generate
"second" or "third" generation CARs. We have previously
described our second generation CAR, CD19RCD28, which
provides CD19-dependent signaling through CD3z and CD28
resulting in improved persistence and antitumor effect (4).
Operating under the premise that T cells propagated in a CAR-
dependent manner ex vivomay select for T cells with sustained
proliferation in vivo, we developed a culturing system based
on aAPC to selectively numerically expand CARþ T cells. Such
aAPC derived from K562 can be tailored to express cell-surface
antigen (35) or intracellular antigen presented by restricting
MHC (36, 37) in the context of desired and introduced T-cell
costimulatory molecules (37–40). Our aAPC (clone no. 4) were
also engineered to express mIL-15 and this membrane-bound
cytokine is present throughout our culturing process in addi-
tion to the addition of soluble cytokines. The addition of IL-21–
mediated signaling during the culturing process to selectively
propagate T cells expressing a second generation CD19-spe-
cific CAR resulted in an outgrowth of T cells on aAPC with a

desired phenotype and improved function when assessed
in vitro and in vivo. Thus, from the perspective of manu-
facturing CARþ T cells for clinical application it appears
beneficial to include IL-21 in the culturing process.

It has been previously shown that the tissue culture micro-
environment can be altered with cytokines for improved T-cell
function. For example, T cells can be primed using cytokines
to augment immune responses after adoptive transfer. In
some cases, this is dependent on generation ofmemory pheno-
type which requires the presence of IL-15 and IL-21 (41, 42).
This memory phenotype predicts for improved persistence as
shown for T cells culturedwith IL-7, IL-15, and IL-21, compared
to T cells propagated with IL-2 (8, 43, 44). Our data provide
supportive evidence that not only can the CAR bemanipulated,
but the choice of additional cytokines influences the number
and character of the propagated CARþ T cells.

Membrane-bound cytokines (45, 46) offer an attractive
approach for delivering a desired cytokine to the immediate
microenvironment of the T cell-aAPC synapse along
with alleviating the need to add the soluble recombinant
(expensive) cytokine to the culture system and avoiding the
need to procure clinical-grade cytokine for clinical applica-
tions. Membrane-bound IL-15 has been used to propagate
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Figure 7. Characterization of T cells grown on mIL-21þ aAPC. A, CAR expression on CD4þ and CD8þ T cells after 28 days of coculture on mIL-21þ aAPC
(clone no. D2) along with exogenous IL-2. B, expansion of total, CD3þ, and CARþ T cells over 28 days of culture period. C, induction of STAT3 phosphorylation
was measured in T cells grown with IL-2 or mIL-21 & IL-2. These propagated T cells were subsequently stimulated by aAPC with (Clone D2, filled grey
histograms) or without (Clone 4, black histograms) mIL-21 for 30minutes, then fixed, permeabilized, and stained for flow cytometry. Cells grown in presence of
IL-2 and soluble IL-21 stimulated with aAPC (Clone 4) with (filled grey histogram) and without (black histogram) soluble IL-21 were used as control. Histograms
(dotted, unstimulated cells) represent phosphoSTAT3 staining and indicate a shift in MFI. D, redirected specificity of CARþ T cells grown on mIL-21þ

aAPC with IL-2 as measured by 4-hour CRA and flow cytometry for IFN-g production.
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T cells (6, 47) and NK cells (48, 49) on aAPC derived from K562
cells. Our aAPC (clone no. 4) used in this study express mIL-15
and is being used in our clinical trials infusing patient- and
donor-derived CD19-specific CARþ T cells after autologous
and allogeneic hematopoietic stem-cell transplantation.
Building upon the success of aAPC expressing mIL-15, we
further modified the aAPC clone no. 4 to coexpress mIL-21
and suggest that this genetic approach to aAPC design may
avoid the need to add soluble recombinant IL-21 to the
culture.

Our data show that the SB system and aAPC platform can
be manipulated to culture T cells to receive 3 coordinated
signals. This was achieved by influencing intrinsic (CAR)
and now extrinsic (tissue culture) factors to improve the
therapeutic potential of genetically modified and propa-
gated T cells. Activation through second generation CAR,
triggered by CD3z (signal 1) and CD28 (signal 2), and
common gc receptor (triggered by IL-21, signal 3) results
in generation of CARþ T cells that have an improved ability
to respond to CD19 compared to T cells cultured without
IL-21. The ability to augment signal 3 leads to an outgrowth
of CARþ T cells on aAPC that have desired properties for
use in clinical trials.
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Combining CD19 Redirection and Alloanergization to
Generate Tumor-Specific Human T Cells for Allogeneic
Cell Therapy of B-Cell Malignancies
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Allogeneic hematopoietic stem-cell transplantation can cure some patients with high-risk B-cell malignan-
cies, but disease relapse following transplantation remains a significant problem. One approach that could
be used to augment the donor T-cell–mediated antitumor effect is the infusion of allogeneic donor–derived
T cells expressing a chimeric antibody receptor (CAR) specific to the B-cell antigen CD19. However, the use of
such cells might result in toxicity in the form of graft-versus-host disease mediated by CD19-specific
(CD19-CAR) T cells possessing alloreactive endogenous T-cell receptors. We therefore investigated whether
nonalloreactive tumor-specific human T cells could be generated from peripheral blood mononuclear cells
of healthy donors by the combination of CD19 redirection via CAR expression and subsequent alloanergization
by allostimulation and concomitant blockade of CD28-mediated costimulation. Alloanergization of CD19-CAR
T cells resulted in efficient and selective reduction of alloresponses in both CD4+ and CD8+ T cells, including
allospecific proliferation and cytokine secretion. Importantly, T-cell effector functions including CAR-
dependent proliferation and specific target cytolysis and cytokine production were retained after alloanergi-
zation. Our data support the application of CD19 redirection and subsequent alloanergization to generate
allogeneic donor T cells for clinical use possessing increased antitumor activity but limited capacity to
mediate graft-versus-host disease. Immunotherapy with such cells could potentially reduce disease relapse
after allogeneic transplantation without increasing toxicity, thereby improving the outcome of patients under-
going allogeneic transplantation for high-risk B-cell malignancies. Cancer Res; 70(10); 3915–24. ©2010 AACR.
Introduction

Disease recurrence is a major cause of mortality after alloge-
neic hematopoietic stem-cell transplantation (HSCT) for pa-
tients with poor-risk B-lineage malignancies (1–3). Adoptive
transfer of allogeneic donor–derived T cells possessing addi-
tional antitumor activity has the potential to reduce relapse af-
ter allogeneic HSCT. The combination of such an approachwith
a strategy to selectively control alloresponses to limit toxicity
from graft-versus-host disease (GvHD) might improve the out-
come of allogeneic HSCT for patients with B-cell malignancies.
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The introduction of a chimeric antibody receptor (CAR;
ref. 4) to redirect human T-cell specificity is one strategy to
enhance desired T-cell–mediated antitumor activity (5).
CARs typically consist of an HLA-independent high-affinity
antigen recognition domain formed from extracellular
single-chain immunoglobulin variable fragments, linked to
one or more cytoplasmic T-cell activation domains, including
CD3-ζ. Infusion of patient-derived T cells expressing a
tumor-associated antigen–specific CAR has resulted in some
disease responses in early clinical trials for CD20+ B-cell lym-
phomas and GD2

+ neuroblastoma, but in other trials, appar-
ently limited in vivo persistence of CAR T cells restricted
their therapeutic potential (6–10).
CD19, an early cell-surface B-lineage–restricted molecule, is

expressed on both normal B cells and a wide range of human
B-cell malignancies (11). Therefore, human CD19-specific CAR+

T cells have been developed to redirect a T-cell–mediated anti-
tumor effect (12, 13). Second-generation CD19-CAR cells posses-
sing modified costimulatory signaling domains fused to
chimeric CD3-ζ have improved in vivo persistence and antitu-
mor efficacy in mice (14, 15). To facilitate the clinical use of
CAR+ T cells, we and others have recently used an augmented
nonviral gene insertion strategy [the Sleeping Beauty (SB)
transposon/transposase system] to introduce a second-
generation CD19-CAR into primary human T cells (16–19).
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CAR+ T cells have not yet been infused in the human
allogeneic setting. Allogeneic CAR+ T cells could provide an
additional donor-derived T-cell–mediated antitumor effect to
protect against tumor relapse after allogeneic HSCT. The use of
allogeneic rather than patient-derived CAR+ T cells would also
eliminate the risk of tumor cell contamination. Additionally,
reconstituting donor-derived T cells that have not undergone
CD19 redirection but are reactive to recipient hematopoietic
tissue–restricted minor histocompatibility antigens could pro-
vide protection against CD19neg tumor precursors (20, 21),
which would not be selectively targeted by CD19-CAR cells.
However, CAR+ T cells possess endogenous αβ T-cell re-

ceptors (TCR), and infused allogeneic CAR+ T cells bearing
αβ TCR specific to recipient alloantigens could potentially
mediate GvHD. Nonselective approaches to reducing al-
loreactivity after allogeneic HSCT (such as pharmacologic
immunosuppression) would likely reduce the ability of al-
logeneic CAR to expand and function in vivo. Strategies
have been developed to selectively reduce alloreactivity in
donor T cells after allogeneic HSCT (22–24). We and
others have previously shown that one such strategy,
alloanergization by allostimulation concomitant with block-
ade of CD28-mediated costimulation, effectively and selec-
tively reduces alloreactivity of HLA-mismatched human
peripheral blood mononuclear cells (PBMC; refs. 25–27). Fur-
thermore, we have successfully applied this strategy in two
prior clinical trials to selectively reduce alloreactivity of
HLA-mismatched donor-derived T cells in the setting of hap-
loidentical bone marrow trans plantation (28, 29). A signifi-
cant proportion of SB-modified CD19-CAR cells propagated
on artificial CD19+ antigen-presenting cells (aAPC) bearing
the costimulator ligand CD86 express CD28 (18), suggesting
that alloanergization would be a suitable technique to selec-
tively reduce alloreactivity in such cells.
To develop a clinical strategy to increase antitumor activ-

ity in allogeneic donor T cells while controlling alloreactivity,
we investigated whether our established strategy of alloaner-
gization could abrogate alloresponses of second-generation
CD19-CAR cells without loss of viability, phenotype, and
CAR-dependent T-cell effector functions.

Materials and Methods

Plasmids. The SB transposon contains the codon-
optimized (CoOp) second-generation CD19RCD28 CAR, specif-
ic for human CD19, flanked by the SB inverted repeats. The
ampicillin resistance gene (AmpR) and origin of replication
from the plasmid CoOpCD19RCD28/pT-MNDU3 (18) were re-
placed with the DNA fragment encoding the kanamycin resis-
tance gene (KanR) and origin of replication (ColE1) from the
pEK vector (30), and the human elongation factor-1α (hEF-1α)
promoter fragment from pVitro4 vector (InvivoGen) was
swapped with MNDU3 promoter to generate CD19RCD28/
pSBSO [also referred to as CD19RCD28mZ(CoOp)/pSBSO].
The SB hyperactive transposase SB11, under the control of
cytomegalovirus (CMV) promoter from the plasmid pCMV-
SB11 (18), was ligated with the pEK vector fragment encoding
KanR and ColE1 to generate pKan-CMV-SB11.
Cancer Res; 70(10) May 15, 2010
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Cell lines. CD19+ Daudi (Burkitt lymphoma) and CD19neg

K562 (erythroleukemia) cells were obtained from American
Type Culture Collection. CD19+ NALM-6 (pre-B cell) and
CD19+ Granta 519 (B-cell non–Hodgkin lymphoma) cells
were from DSMZ. CD19neg LM7 (osteosarcoma) was a kind
gift from Dr. Eugenie Kleinerman (M.D. Anderson Cancer
Center, Houston, TX). Cell lines, including aAPC, were main-
tained in HyQ RPMI 1640 (Hyclone) supplemented with
2 mmol/L Glutamax-1 (Invitrogen) and 10% heat-inactivated
FCS (Hyclone; 10% RPMI). CD19+ K562 targets were
maintained in 10% RPMI with HygroGold (hygromycin B,
0.4 mg/mL; InvivoGen) as described (31). CD19neg U251T
(glioblastoma) was a kind gift from Dr. Waldemar Debinski
(Wake Forest University, Winston-Salem, NC). U251T were
transfected with SB DNA plasmid (pSBSO) expressing trun-
cated CD19 (ΔCD19/pSBSO) to generate CD19+ U251T. The
U251T cell lines were maintained in 10% RPMI with G418
(0.2 mg/mL; InvivoGen).
Generation of CD19-CAR cells. PBMC isolated by Ficoll-

Paque (GE Healthcare) density gradient centrifugation of pe-
ripheral blood obtained from healthy adult volunteer donors
after informed consent from Gulf Coast Regional Center
(Houston, TX) were cultured in HyQ RPMI 1640 (Hyclone)
supplemented with 2 mmol/L Glutamax-1 (Life Technologies-
Invitrogen) and 10% heat-inactivated defined FCS (Hyclone).
The SB transposon/transposase were electrotransferred
(Amaxa/Lonza) into T cells derived from PBMC and a
population of CD19-CAR cells were numerically expanded
on γ-irradiated (100 Gy) K562-artificial antigen-presenting
cells (aAPC; ref. 32) expressing CD19, 4-1BBL, CD86, CD64, and
membrane-bound interleukin (IL)-15 as previously described
(Fig. 1A and B; ref. 18).
Alloanergization of CD19-CAR cells and measurement of

secondary alloresponses. Equal numbers of CD19-CAR cells
and γ-irradiated (3.5 Gy) first-party allostimulator PBMC
(isolated from healthy unrelated adult volunteers after con-
sent on an Institutional Review Board–approved protocol)
were cocultured in culture medium (RPMI containing peni-
cillin/streptomycin and 10% human AB serum; Sigma-
Aldrich) with or without humanized monoclonal anti-B7.1
(clone h1F1) and anti-B7.2 (h3D1) antibodies (10 μg/106 cells;
Wyeth) as described (26) and outlined in Fig. 1C. After
72 hours, cocultures with anti-B7 antibodies (“alloanergized”)
and without anti-B7 antibodies (“nonanergized”) were washed
and resuspended. Secondary alloresponses were measured
after restimulation with γ-irradiated first- or third-party
allostimulator PBMC or soluble CD3 and CD28 antibodies
(10 μg/mL; Beckman Coulter). Proliferation was determined
by thymidine incorporation as described (26). Alloaner-
gization efficiency (AE) was calculated as AE = 100 − {100 ×
[secondary alloproliferation (alloanergized cells)/secondary
alloproliferation (nonanergized cells)]}.
Additionally, CD19-CAR cells were labeled with carboxy-

fluorescein diacetate succinimidyl ester (CFSE; Invitrogen) be-
fore restimulation (26). Allospecific precursor frequency was
calculated as previously described (33), using Flowjo V4 soft-
ware. Cytokine responses after allorestimulation were also
measured using intracellular cytokine flow cytometry (ICC;
Cancer Research
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ref. 34). Positive controls were stimulated with staphylococcal
enterotoxin B (SEB; 10 μg/mL; Sigma-Aldrich). Stimulus-
specific responses were calculated by subtracting values
for unstimulated cells from values for stimulated cells.
CD19 depletion of allostimulator PBMC. Allostimulator

PBMC were depleted of CD19+ B cells by labeling with conju-
gated anti-CD19 paramagnetic microbeads (Miltenyi Biotec,
Gladbach, Germany) and passaged through an LD column
and midiMACS magnetic device before irradiation. PBMC were
analyzed by flow cytometry to assess efficiency of depletion.
Flow cytometry. Unless stated, antibodies were from

Beckman Coulter. For alloresponses assessment, cells were
stained with anti-CD3 (clone UCHT1), anti-CD4 (13B8.2), an-
ti-CD8 (SFCI21Thy2D3), anti-CD14 [M5E2, Becton Dickinson
(BD)], and anti-CD19 (RMO52) antibodies conjugated to FITC,
phycoerythrin (PE), energy-coupled dye, PE-Cy5, and/or PE-
Cy7. Viability was assessed with 7-amino actinomycin D
(BD). For ICC, cells were stained for surface molecules, fixed,
permeabilized, and then stained with IFN-γ-FITC (4S.B3, BD)
and tumor necrosis factor-α (TNF-α)-PE-Cy7 (MAb11, BD).
Events were acquired on a Cytomics FC500 flow cytometer
and analyzed using Flowjo version 4. For detection of cell-
surface expression of CD19-CAR, goat F(ab′)2 anti-human
IgG (γ)-PE (Invitrogen) or goat F(ab′)2 anti-human IgG
(γ)-FITC (Jackson ImmunoResearch Laboratories, Inc.) was
used (1/20 dilution) with anti-CD4 (RPA-T4, BD), anti-CD8
(SK1, BD), and anti-CD3 (SK7, BD). Anti-CD27 (M-T271),
www.aacrjournals.org
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anti-CD28 (L293), anti-CD45RO (UCHL1), anti-CD62L (Dreg
56), and anti-CD95 (DX2) were used for memory cell pheno-
typing (all BD). Nonspecific antibody binding was blocked
using 2% fetal bovine serum in PBS (with sodium azide).
For CAR-dependent IFN-γ secretion, 105 CD19-CAR cells were
incubated for 4 to 6 hours with 0.5 × 106 stimulator cells or
phorbol 12-myristate 13-acetate (5 ng/mL) and ionomycin
(500 ng/mL) in 200 μL of culture medium with Golgi Plug
(BD), fixed, permeabilized, and stained for intracellular IFN-γ
(B27, BD). Events were acquired on a FACSCalibur flow cyto-
meter and analyzed using CellQuestversion 3.3 (both from BD).
Measurement of cytotoxicity. The cytolytic activity of CD19-

CAR cells was determined by a 4-hour chromium release assay
(13). CD19-CAR cells were incubated with 5 × 103 51Cr-labeled
target cells in V-bottomed 96-well plates (Costar). The per-
centage of specific cytolysis was calculated from the release
of 51Cr, as described, using a TopCount NXT (Perkin-Elmer).
Statistics. Statistical analysis was done with GraphPad

Prism v4. A P value of <0.05 was used to reject the null hypo-
thesis. Data are presented as mean (±SD) unless otherwise
stated. P values are for two-tailed paired t tests.

Results

Proliferative alloresponses of CD19-CAR cells were
specifically reduced after alloanergization. We screened
CD19-CAR T-cell lines from six adult donors for secondary
Figure 1. Generation and alloanergization of adult donor–derived CD19-CAR cells. A, electroporation of human T cells with SB DNA plasmids and
propagation on CD19+ K562-derived aAPC. After electroporation, T cells were cocultured with γ-irradiated K562 (genetically modified to coexpress CD19,
CD64, CD86, 4-1BBL, and surface membrane–bound IL-15) with addition of soluble IL-2 every alternate weekday, resulting in expansion of stably
transfected CAR+ T cells to numbers suitable for use in adoptive cell therapy trials. B, schematic of the SB DNA plasmids. CoOpCD19RCD28/pSBSO
(transposon): hEF-1α promoter, human elongation factor-1α promoter; CoOpCD19RCD28, codon-optimized CD19RCD28 CAR; IR, SB-inverted/direct
repeats; bGh pAn, polyadenylation signal from bovine growth hormone; KanR, kanamycin resistance gene. pKan-CMV-SB11 (transposase): SB11,
SB-transposase; CMV promoter, CMV enhancer/promoter; SV40pAn, polyadenylation signals from SV40. C, alloanergization of human CD19-CAR
cells by allostimulation with costimulatory blockade. T cells are cocultured with γ-irradiated allostimulator PBMC in the presence of antibody-mediated
blockade of CD28-mediated costimulation. T cells possessing alloreactive endogenous αβ TCR receive signal 1 (alloantigenic stimulus), but not signal
2 (CD28-mediated costimulation). This triggers intracellular events rendering the alloreactive T-cell hyporesponsive (anergic) to subsequent alloantigenic
challenge, even in the presence of CD28-mediated costimulation.
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(recall) alloproliferative responses after allostimulation
(priming) and subsequent allorestimulation with γ-irradiated
PBMC from 18 different unrelated adult volunteers. Second-
ary alloproliferative responses were detectable in all
CD19-CAR T-cell lines. We next examined the efficacy and
specificity of alloanergization in reducing secondary
alloresponses. Viability of CD19-CAR cells was similar before
(87 ± 7%, CD4+ and 92 ± 4%, CD8+) and after alloanergization
(83 ± 11%, CD4+ and 90 ± 5%, CD8+). Alloanergized CD19-CAR
cells were hyporesponsive to first-party allorestimulation.
This was not due to a change in kinetics of the alloproliferative
response (Fig. 2A). Reduction of peak first-party–specific allopro-
liferation after alloanergization was seen in all CD19-CAR
cell lines, whereas there was no significant change in
third-party–specific alloproliferation or mitogen-stimulated
proliferation, showing that hyporesponsiveness was specific
to alloantigens used during alloanergization (Fig. 2B). The
median efficiency of alloanergization was 82% (range,
33–96%) with a median 5.4-fold (range, 1.5–26) reduction
in first-party alloproliferative responses. Third-party and mi-
togen-stimulated proliferation were not reduced (Fig. 2C).
These data show that alloanergization specifically reduced
alloproliferation of CD19-CAR cells, consistent with our
Cancer Res; 70(10) May 15, 2010
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previous data for alloanergization of nongenetically modified
human PBMC (26, 35).
The use of CD19-depleted allostimulators resulted in a

further reduction of residual alloresponses after alloaner-
gization of CD19-CAR cells. Proliferation of CD19-CAR cells
after stimulation with allogeneic PBMC containing CD19+

cells could result either from alloantigen-specific stimulation
via endogenous TCR or from direct CD19-mediated stimula-
tion via introduced CAR. The latter could provide a con-
founding factor in our proliferation assays. Therefore, we
sought to determine whether the presence of CD19+ cells with-
in allostimulator PBMC affected the residual proliferation of
alloanergized CD19-CAR cells. We depleted CD19+ cells from
allostimulator PBMC before γ-irradiation, resulting in a medi-
an 500-fold reduction in CD19+ cells. Proliferative responses
after allorestimulation of nonanergized CAR+ T cells were re-
tained using CD19-depleted allostimulator PBMC, consistent
with retention of allostimulatory capacity. However, the use
of CD19-depleted allostimulator PBMC resulted in a lower re-
sidual proliferation after allorestimulation of alloanergized
CAR+ T cells compared with the use of unsorted allostimulator
PBMC, suggesting that a direct stimulatory effect mediated by
CD19+ cells within allostimulator PBMC contributed to the
Figure 2. Alloproliferation of CD19-CAR cells is specifically reduced by alloanergization. A, mean values for proliferation ([3H]thymidine incorporation)
of nonanergized and alloanergized CD19-CAR cells after allorestimulation for 18 stimulator-responder pairs; bars, SD. B, peak proliferation in
nonanergized and alloanergized CD19-CAR cells after restimulation with first- or third-party allostimulators or mitogenic CD3 and CD28 antibodies.
Symbols, means of triplicate values for unique stimulator-responder pairs; horizontal bars, mean values for all pairs. C, fold reduction in proliferation of
alloanergized CD19-CAR cells (compared with nonanergized cells) after restimulation with allostimulators or mitogen is shown as box-and-whisker
plots. Horizontal bars, medians; boxes, interquartile range; whiskers, minimum and maximum values. D, efficiency of alloanergization of CD19-CAR
cells using unsorted PBMC or CD19+ B-cell–depleted PBMC as allostimulators. Results depict three separate experiments; horizontal bars and
adjacent numbers depict median values.
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residual proliferation after alloanergization. As a result, mea-
sured efficiency of alloanergization was significantly higher
(median, 93%; range, 87–94%) using CD19-depleted allostimu-
lator PBMC when compared with unsorted allostimulator
PBMC (median, 72%; range, 55–77%; P = 0.04; Fig. 2D).
Alloanergization reduced alloproliferation in both CD4+

and CD8+ CD19-CAR cells. As the propagated CD19-CAR cells
contained both CD4+ and CD8+ T cells, we next determined
whether alloanergization reduced alloproliferation in both cel-
lular subsets. We labeled CD19-CAR cells with CFSE before
allorestimulation and measured proliferation by CFSE dilu-
tion. After 6 days of allorestimulation, 21% (±6.2%) and 15%
(±6.1%) of nonanergized CD4+ and CD8+ CD19-CAR cells had
proliferated. This represented median CD4+ and CD8+ allo-
precursor frequencies of 1.5% (range, 1.0–1.8%) and 1.4%
(range, 1.3–1.9%), respectively. In contrast, the mean percen-
tages of CD4+ and CD8+ T cells proliferating after alloresti-
mulation of alloanergized CD19-CAR cells were significantly
lower at 6.9% (±4.7%) and 4.1% (±3.6%), respectively. Impor-
tantly, proliferation of both CD4+ and CD8+ CD19-CAR cells
after mitogenic stimulation was unaffected by alloanergization
(Table 1). Thus, CD19-CAR cells contain both alloproliferative
CD4+ and CD8+ T cells, and alloproliferation in both these
subsets was specifically reduced after alloanergization.
Alloanergization of CD19-CAR cells reduced allospecific

cytokine production. Alloreactive human CD4+ and CD8+

T cells secrete proinflammatory cytokines (predominantly
IFN-γ and TNF-α) after HLA-mismatched allostimulation
(34). Therefore, we used ICC to examine the effect of alloa-
nergization on allospecific cytokine responses of CD19-CAR
cells. Allospecific cytokine+ T cells were detected within
CD19-CAR T-cell populations with cell frequencies of 3.8%
(±2.7%, CD4+IFN-γ+), 0.8% (±0.7%, CD8+IFN-γ+), 2.5%
(±1.4%, CD4+TNF-α+), and 0.8% (±0.7%, CD8+TNF-α+).
Allospecific cytokine+ T-cell frequencies were reduced in
alloanergized CD19-CAR cells to cell frequencies of 0.4%
(±0.2%, CD4+IFN-γ+), 0.15% (±0.1%, CD8+IFN-γ+), 0.20%
(±0.1%, CD4+TNF-α+), and 0.17% (±0.02% CD8+ TNF-α+).
This represented median fold reductions of 11 (range,
3–17; CD4+IFN-γ+), 15 (range, 5–25; CD4+TNF-α+), 2.3 (range,
1.7–19; CD8+IFN-γ+), and 2.6 (range, 1.8–10; CD8+TNF-α+). In
contrast, CD19-specific cytokine responses after stimulation
with CD19+ Daudi and U251T targets were only modestly re-
duced after alloanergization. CD19-specific IFN-γ+ cell fre-
quencies were 49% (nonanergized) and 26% (anergized;
Daudi) and 50% (nonanergized) and 38% (alloanergized;
CD19+ U251T), representing 1.9- and 1.3-fold reductions, re-
spectively (Fig. 3). This showed that alloanergization preferen-
tially reduced allospecific cytokine responses within CD19-CAR
cells while maintaining the majority (but not all) of CD19-
specific responses.
Phenotypic characteristics of CD19-CAR cells after

alloanergization. Although the proportion of CD8+ CD19-
CAR cells expressing surface CAR was not affected by alloaner-
gization, the proportion of CD4+ CD19-CAR cells expressing
surface CAR was temporarily reduced by up to 50%. The ma-
jority of CD19-CAR cells were CD45RO+CD27neg memory cells
both before and after alloanergization. Using coexpression
www.aacrjournals.org
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patterns of CD28 and Fas (CD95) to distinguish CD28negCD95+

effector memory T cells (TEM) from CD28+CD95+ central
memory (TCM) cells (36), we were able to identify similar
proportions of TCM (24.2% and 37.2%) and TEM (75.8% and
62.8%) cells before and after alloanergization of CD19-CAR
cells. Using coexpression patterns of CD45RO and CD62L
(37), CD19-CAR cells also contained similar proportions of
TCM cells (31.0% and 45.7%) and TEM cells (69.0% and
53.8%) before and after alloanergization (Fig. 4A). This is
consistent with CAR transgene expression in TCM cells and
preservation of these cells after alloanergization.
CD19-specific cytolytic function of CD19-CAR cells was

preserved after alloanergization. CD19-CAR cells were eva-
luated for redirected killing before and after alloanergization
in a 4-hour 51Cr release assay (Fig. 4B). CD19-CAR cells effec-
tively lysed CD19+ B-cell lines before and after alloanergiza-
tion (Daudi: before, 59.4%; after, 56.7%; NALM-6: before, 29%;
after, 26.7% at an effector/target ratio of 20:1). Retention of
CD19 specificity was shown by the 1.8-fold (before alloaner-
gization) and 2.2-fold (after alloanergization) increased kill-
ing of CD19+ targets when compared with CD19neg K562
targets at an effector/target ratio of 20:1. In comparison,
alloanergization resulted in a 5-fold reduction in lysis of cul-
tured first-party allogeneic target cells at an effector/target
ratio of 20:1 (Fig. 4C).
CD19-specific proliferation of CD19-CAR cells after

alloanergization. We next compared the capacity for
CAR-dependent proliferation of nonanergized and alloaner-
gized CD19-CAR cells using CD19+ aAPC without or with
CD64 (FcγRI)-loaded OKT3 (to provide an additional CD3-
dependent antigen-independent proliferative signal). The
numbers of nonanergized CD19-CAR cells were expanded
by 3 to 4 log over 21 days on both CD19+ aAPC and OKT3-
loaded CD19+ aAPC. Alloanergized CD19-CAR cells retained
the capacity to expand on both CD19+ aAPC and OKT3-
loaded CD19+ aAPC, with a 2- to 2.5-log expansion over 21
cia
ur
Table 1. Percent of CD4+ and CD8+ subsets
of nonal loanergized and al loanergized
CD19-specific CAR+ T cells proliferating after
restimulation with alloantigens or mitogenic
CD3 and CD28 antibodies
tion for Cance
 on Junnals.org
Allorestimulation
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CD4+
 CD8+
 CD4+
; 70(10) M
CD8+
Nonalloanergized
cells
21 (±6.2)
 15 (±6.1)
 53 (±5.1)
 48 (±3.6)
Alloanergized
cells
6.9 (±4.7)
 4.1 (±3.6)
 61 (±8.4)
 59 (±9.7)
P*
 0.01
 0.02
 0.30
 0.22
NOTE: Numbers in parentheses indicate SD.
*Two-tailed paired t test comparing values for nonalloaner-
gized and alloanergized cells.
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days. Although CD19-dependent expansion was 1 to 2 log less
than that seen in nonanergized CD19-CAR cells, the reten-
tion of capacity to proliferate in a CAR-dependent manner
implies that alloanergization did not substantially interfere
with the ability of the CAR to provide and sustain a prolifer-
ative signal. In contrast, alloanergized CD19-CAR cells could
not be expanded by repeat stimulation with first-party allos-
timulators (Fig. 5A). Furthermore, expansion of alloanergized
CD19-CAR cells on OKT3-loaded CD19+ aAPC restored the
proportion of CD4+ CD19-CAR cells expressing surface CAR
to similar levels seen in nonalloanergized cells (Fig. 5B).
Cancer Res; 70(10) May 15, 2010
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Importantly, alloanergized CD19-CAR cells remained hypore-
sponsive to allostimulation after in vitro expansion on CD19+

aAPC (Fig. 5C). Finally, to confirm that CD19-expanded alloa-
nergized CAR+ cells retained effector function, we again ex-
amined CD19-specific IFN-γ production. In vitro expanded
alloanergized CD19-CAR cells retained up to 70% of their ca-
pacity to produce IFN-γ after contact with cell-surface CD19
when compared with expanded nonanergized CD19-CAR
cells. Intracellular cytokine staining showed a 3-fold increase
in IFN-γ production when alloanergized CD19-CAR cells were
stimulated with a CD19+ B-cell line (Daudi). IFN-γ production
ciation for Cancer Researc
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Figure 3. Alloanergization of
CD19-CAR cells results in
reduced allospecific cytokine
production. A, cytokine secretion
by nonanergized and alloanergized
CD19-CAR cells after restimulation
with allostimulators or SEB. Flow
cytometer dot plots are shown
depicting intracellular cytokine
production in CD4+ and CD8+

cells, gated on CD3+ events
excluding irradiated stimulator
cells. Boxed regions represent
cytokine+ events and numbers
represent frequency of cytokine+

events expressed as a percentage
of CD4+ or CD8+ cells. Results
are shown for a representative
experiment of three. B, frequencies
of cytokine+ cells in nonanergized
and alloanergized CD19-CAR
cells after restimulation with
allostimulators, SEB, or CD19+

target cells.
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was 1.6-fold greater when alloanergized cells were stimulated
with CD19+ transfected U251T glioma cells in comparison with
CD19neg U251T cells, showing the CD19 specificity of IFN-γ pro-
duction (Fig. 5D). These data are consistent with retention of
capacity of expanded alloanergized CD19-CAR cells to be acti-
vated via the introduced CD19-CAR.

Discussion

Disease relapse remains a major cause of treatment failure
after allogeneic HSCT, especially in patients with advanced
B-cell malignancies. A significant unmet need, therefore, is
a clinically applicable strategy to enhance the antitumor ef-
fect of allogeneic donor T cells. In the present study, we have
developed such a strategy by combining the approaches of re-
direction of human donor T cells to the B-cell antigen CD19
and alloanergization to reduce the potential of such cells to
mediate GvHD. We show that the strategy of alloanergization
effectively reduces alloresponses without adversely affect-
ing the CD19-specifc effector functions of CD19-CAR cells.
This combined approach could be used to reduce relapse
without increasing toxicity after allogeneic HSCT for
patients with B-lineage leukemias and lymphomas.
A major concern with the infusion of allogeneic CAR+

T cells is their potential to mediate toxicity in the form of
www.aacrjournals.org
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GvHD. CAR+ T cells can be activated by pathogen-specific
antigens via their endogenous αβ TCR, indicating that these
receptors and their associated intracellular pathways remain
functionally intact (7, 30, 38). We have previously shown that
CD19-CAR cells generated using the SB technology retain
broad endogenous αβ TCR Vβ distribution (18), in apparent
contrast to some other strategies used to enrich antigen-
specific T cells using repetitive antigenic stimulation (39). It
has also been shown that murine and human folate-binding
protein–specific CAR+ T cells can be activated via endoge-
nous αβ TCR by stimulation with alloantigens, supporting
the potential of such cells to mediate alloresponses (40). In
our current study, we detected CD4+ alloprecursor frequen-
cies within human CD19-CAR cells at comparable levels to
those detected by CFSE dye dilution in unmanipulated hu-
man CD4+ T cells by Martins and colleagues (1.1%), who,
in common with our strategy, used single-donor allostimula-
tor PBMC (34). This suggests that alloproliferative CD4+

T cells occur at a similar frequency within human CD19-CAR
cells and unmanipulated T cells.
Alloanergization of CD19-CAR cells effectively and specifi-

cally reduced proliferative and cytokine alloresponses in
these cells. When the confounding effect of CD19-driven pro-
liferation was removed (by using CD19-depleted allostimula-
tors in both the alloanergization step and in assays to detect
Figure 4. Characterization of
CD19-CAR cells before and after
alloanergization. A, representative
flow cytometry dot plots showing
cell-surface expression of
CD19-CAR on CD4+ and CD8+

T cells and proportions of
CD19-CAR cells with memory
T cells (CD27negCD45RO+) and
central memory cells (TCM,
defined as CD28+CD95+ or
CD62L+CD45RO+) before and
after alloanergization. Numbers
represent percentages of cells in
each quadrant. B, killing of CD19+

target cells (Granta 519; NALM-6;
HLA class Ineg Daudi; HLA
class I/IIneg K562 cells transfected
to express truncated CD19) in a
4-hour 51Cr release assay by
nonanergized and alloanergized
CD19-CAR cell effectors.
Background lysis of CD19neg

(parental K562 and LM7) cells is
also shown. Points, mean specific
lysis of triplicate wells; bars,
SD. C, killing of cultured first-party
allogeneic targets by CD19-CAR
cell effectors in a 4-hour
51Cr release assay. Results from
a representative experiment of
two are shown.
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residual alloreactivity), the efficiency of alloanergization of
CD19-CAR cells was >90%. This was consistent with both
our previous published data and other effective strategies
used to reduce alloreactivity of HLA-mismatched PBMC
(23, 26). Because our strategy of alloanergization only directly
affects CD28+ T cells, the strategy could theoretically be less
effective at reducing alloresponses in CD8+ CD19-CAR cells
than in CD4+ CD19-CAR cells, as human CD8+ T cells typically
contain a lower proportion of CD28+ cells compared with
human CD4+ T cells. However, alloanergization reduced allo-
proliferative responses effectively in both CD4+ and CD8+

CD19-CAR cells. This may reflect an indirect effect on CD8+

T cells consequent to alloanergization of CD4+ T cells, consis-
tent with reports that alloproliferative CD4+ T cells are
required for alloreactive CD8+ T cells to proliferate (34, 41).
The concern remains that CD4+CD28neg TEM–mediated
Cancer Res; 70(10) May 15, 2010
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alloresponses may persist after alloanergization. However, clin-
ically significant GvHD mediated by such cells is likely to be
limited. TEM cells are less potent mediators of proliferative
alloresponses in vitro than TCM or naïve human T cells (42),
and human CD28neg T cells typically have shortened telomeres
compared with CD28+ T cells (43), predicting a restricted life
span in vivo after infusion (44).
Alloanergization did not reduce the proportion of CD8+

CD19-CAR cells expressing surface CAR, and CD19-specific
redirected target cell cytolysis was preserved, demonstrating
retained functionality and specificity. However, alloanergi-
zation resulted in modest reductions in the proportion of
CD4+ CD19-CAR cells expressing surface CAR, frequencies
of CD19-specific IFN-γ+ cells, and capacity for CD19-CAR
cells to expand in vitro after stimulation on CD19+ aAPC.
These findings suggest that the in vivo efficacy of alloanergized
ciation for Cancer Researc
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Figure 5. CD19-dependent
expansion of alloanergized
CD19-CAR cells. A, expansion of
nonanergized and alloanergized
CD19-CAR cells on CD19+ aAPC,
OKT3-loaded CD19+ aAPC, and
first-party allostimulators.
B, expression of surface CAR on
nonanergized and alloanergized
CD4+ CD19-CAR cells after 21
days of expansion on
OKT3-loaded CD19+ aAPC.
Numbers represent percentages
of cells in each quadrant.
C, first-party alloproliferation ([3H]
thymidine incorporation) of
nonanergized, alloanergized,
and alloanergized then
aAPC-expanded CD19-CAR cells
after first-party allostimulation.
D, CD19-specific intracellular IFN-γ
secretion of aAPC-expanded
CD19-CAR cells before and
after alloanergization following
incubation with CD19− and CD19+

stimulator cells. Events are gated
on CD3+ lymphocytes. Numbers
represent percentages of cells in
each quadrant.
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CD19-CAR cells could be reduced in comparison with nona-
nergized cells. However, more than half of CD4+ CD19-CAR
cells expressing cell-surface CAR and 50% to 70% of the pro-
portion of CD19-CAR cells secreting IFN-γ+ after CD19 stimu-
lation were retained after alloanergization, and CD19-specific
proliferation was still demonstrable, consistent with retention
of significant capacity for CD19-specific expansion and target
cell lysis. Furthermore, it is likely that homeostatic expansion
resulting from the lymphopenic environment created after al-
logeneic HSCT would augment expansion and persistence of
infused alloanergized donor CD19-CAR cells. This is supported
by the data from in vitro expansion of alloanergized CD19-CAR
cells on CD19-aAPC loaded with OKT3, which restored the
proportion of CD4+ CD19-CAR cells expressing surface CAR
to levels seen in nonalloanergized cells without loss of allospe-
cific hyporesponsiveness, suggesting that CD19-specific func-
tion and alloanergy might be maintained after expansion.
Further studies using an immunodeficient tumor-bearing
mouse model could be used to compare the in vivo persistence
and antitumor efficacy of nonanergized and alloanergized
human CD19-CAR cells.
Allogeneic CD19-CAR cells could be used to augment anti-

tumor effects in a variety of allogeneic HSCT settings. These
data support the application of a clinical strategy in which
CD19-CAR cells are generated from allogeneic donors and
subsequently anergized to recipient alloantigens before infu-
sion after allogeneic HSCT. The broad endogenous TCR Vβ
subfamily distribution retained by CD19-CAR cells generated
using the SB system (18) suggests that these cells could also
contribute to pathogen-specific immunity after allogeneic
HSCT via their endogenous αβ TCR. Therefore, allogeneic
HSCT approaches using T-cell–depleted hematopoietic stem
cell sources or umbilical cord blood cells, both of which are
associated with delayed immune reconstitution and increased
infectious complications (45–47), would be particularly suit-
able platforms for the use of allogeneic donor CD19-CAR cells.
Although we are developing approaches to limit off-target ef-
fects, one consequence of allogeneic CD19-CAR T-cell therapy
might be destruction of healthy donor–derived CD19+ B cells.
Intravenous immunoglobulin could be used to correct clini-
cally significant hypogammaglobulinemia in such an event.
Another potential limitation to our approach is that repeated
www.aacrjournals.org
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in vivo stimulation may contribute to replicative senescence
of CD19-CAR cells via telomere erosion (48) and preclude
their long-term persistence. In this case, repeat infusions of
alloanergized CD19-CAR cells could provide a persistent
antitumor effect.
In summary, we describe the successful application of

alloanergization to selectively reduce alloreactivity in hu-
man CD19-specific T cells without significant impairment
of CAR-dependent effector functions. Nonviral gene transfer
of CAR, propagation on aAPC, and induction of alloanergy
all use methods currently individually in use in phase 1/2
clinical trials. These approaches could therefore be readily
applied in combination at a clinical scale to generate donor-
derived T cells engineered to contain enhanced antitumor
activity, but reduced alloreactivity, suitable for use after allo-
geneic HSCT to reduce disease relapse while limiting toxicity
from GvHD.
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